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Abstract 
 
 Despite cultivation for close to a decade, the soils at the Cal Poly vineyard 
have never been studied in detail. This study was designed to gain a better 
understanding of the soils for better management. Soil pits and auger holes were 
dug throughout the site to accurately classify soils. Soils were classified using USDA-
NRCS Soil Taxonomy (Soil Survey Staff, 2010), and samples were taken from each 
horizon of each soil pit for chemical analysis. Four soil map units were delineated on 
the site. The pH, EC, total percent carbon and nitrogen, and plant available nitrate, 
sulfate, phosphate, base cations, and metal micronutrients of each soil sample were 
determined by laboratory analysis. Based on morphologic and physical data, 
management recommendations were made to improve soil quality at the vineyard. 
Issues with high historic erosion and nutrient imbalance caused by excessive 
magnesium were found and addressed. 
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Introduction 
In any form of agriculture, knowledge of the soil is necessary to understand 
how to manage the crop to a desired end. Soils are complex and infinitely variable 
systems, and this variation affects their fertility and ease of use. Any given square 
meter of soil has specific underlying geologic, climactic, and topographic conditions 
that greatly plant growth in that soil. These conditions may be strikingly different 
even across a small space, with correspondingly different soil-plant relations. This is 
especially true in soils along the California coastline, and particularly important in 
the growth of grapevines.  
Geologic parent materials of California coastal soils are extremely variable, 
especially in the case of Franciscan formation rock. This variation, sometimes 
undetectable at the soil surface, can have dramatic effects on soil physical and 
chemical qualities. These variations are highly relevant to grapevine growth in 
particular. Grapevines are often planted on soils with steep slopes, shallow depths, 
nutrient imbalances, and other qualities making them sub-optimal for most 
agricultural practice. For many crops, these soils are too marginal to turn a profit; 
for Vitis vinifera, the common grapevine, they can be a great boon. 
 Shallow soils, rocky soils, and soils with limited plant nutrient content allow 
a viticulturist to control the quality of the final product by stressing the vine at key 
processes in vine growth and berry development. A keen understanding of the 
chemical and physical nature of their soils allows a winemaker a better grasp of the 
limitations and possibilities of the wines they can produce. 
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While the soils at the Cal Poly vineyard have been sampled and tested using 
auger methods, there has never been a detailed morphologic and chemical study of 
the site. Given the potential for variation, particularly in soil depth and chemical 
properties across the hillslope on which it is situated, this study was undertaken to 
gain a more thorough understanding of the soils under this vineyard through 
presentation and analysis of chemical and morphologic data. 
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Literature Review 
Soil in Viticulture 
The importance of soil in the management and quality of wine grapes cannot 
be overstated. Soil provides or affects every factor necessary for vine growth 
(Jackson, 2008). Knowledge of the soil underlying a vineyard allows the winemaker 
to better understand how and why individual vines develop as they do, and how to 
manage them to produce a desired end.  
A major factor contributing to poor wine quality is high berry variability 
(Jackson, 2008; Tardaguila et al., 2011). Even with identical management practices, 
variable soil characteristics can create differing growing conditions. An 
understanding of the range of soils in a vineyard, paired with that of the vines 
growing in these soils, creates the potential to grow more uniform batches of 
higher-quality grapes (White, 2009; Tardaguila et al., 2011).  
 Climate, topography, and soil characteristics are the most important factors 
determining the quality and character of grapes (Jackson, 2008; White, 2009). While 
these factors are closely interrelated at vine level, each can be broken down to 
specific components, all with different implications for vine management. 
Climate 
Climate controls temperature and precipitation at a vineyard, and is 
generally seen as the most important factor in viticulture (Jackson, 2008). 
Temperature of the leaves, berries, and soil all greatly affect vine production, as 
does the availability of water throughout the growing season (Jackson 2008; Iland et 
al., 2011).  
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Temperature 
Specifically, the average climactic temperature at a site must reach above 
approximately 3.5 °C for budbreak to occur, and above 7.1 °C for leaf development 
(Moncur et al., 1989). Flowering will not occur at temperatures less than about 20 °C, 
and ideal leaf growth in summer takes place from about 25 °C to 32 °C (Jackson, 2008). 
There is no “perfect” temperature for berry development due to the huge variety of 
cultivars and different goals for flavor, color, and aroma of the final product. However, 
the ideal temperature for sugar and malic acid development appears to be between 25 
°C and 30 °C, while the ideal temperature for color development is around 15 °C 
(Kliewer and Torres, 1972; Jackson, 2008). 
 Cold temperatures can damage vines and slow development. While vines can 
become acclimated to below-freezing temperatures, rapid cooling or thawing can result 
in tissue damage (Jackson, 2008). Additionally, long-term exposure to temperatures 
below 10 °C can damage berries, delaying or preventing ripening (Jackson, 2008). In 
addition to direct negative effects on vines, low temperatures increase the frequency 
and volume of dew formation, creating a better environment for fungal parasites 
(Jackson, 2008). 
Precipitation 
 While ample water for vine development is desired at certain times in viticulture, 
too much at the wrong time can have adverse effects on wine quality (Jackson, 2008). 
High water for root and shoot growth is beneficial in the first three years after planting, 
to optimize the potential of the young plant (White, 2009). However, when the vine is 
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ready for full production, a moderate amount of water stress between fruit set and 
veraison can limit unnecessary vegetal growth, allowing for better berry quality 
(Jackson, 2008; White, 2009). Uncontrolled shoot and leaf growth after fruit set can 
cause excessive water and nutrient use later in the season, and may lead to unwanted 
fruit shading (Jackson, 2008; White, 2009). 
Topography 
Topography includes the aspect and extremity of slopes on which vines are 
grown (Jackson, 2008). The further the site from the equator, the greater effect of 
topography on the duration and intensity of sunlight that reaches the vines and the 
soil (Jackson, 2008). This can create diverse microclimates across a vineyard site, 
affecting temperatures of vines and soil, and many aspects of soil development. 
(Jackson, 2008; White, 2009). Relevant soil factors affected by topography include 
depth, extent and rate of weathering, water retention, organic matter content, and 
content and distribution of soil nutrients (Hillel, 2004; White, 2008). In the northern 
hemisphere, south-facing slopes receive more intense, direct sunlight than north-
facing slopes. This generally results in higher temperatures, less water, and less 
plant growth. Soils are generally warmer, shallower, drier, less weathered and less 
developed than north-facing soils (Hillel, 2004). 
In addition to aspect, the degree of a slope affects historic and contemporary 
erosion, with large implications for viticulture management. While soils at the 
summit and shoulder of hillslopes are likely shallow with lithic parent material, the 
soils at the footslope and toeslope are usually deeper and derived from colluvium 
(Yoo, 2008). Beyond the effects of depth, soils can have very different physical and 
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chemical properties across at transect, caused by soil movement (Yoo, 2008). 
Detachment and transportation of soil particles by erosion events have significant 
impacts on soil chemistry over time (Fernández-Calviño et al., 2012). Upland soils 
may disproportionately lose colloidal particles such as clay and humus (Hillel, 
2004). Any plant nutrients sorbed to these particles, such as zinc, copper, 
phosphorus, and many others, move with them (Sparks, 2003; Fernández-Calviño et 
al., 2012). If transported offsite, they may become a source of pollution in local soils 
or waterways (Fernández-Calviño et al., 2012). In addition to the environmental 
cost, the economic consequences can be high (Martínez-Casasnovas and Ramos, 
2006). Soil losses from vineyards with average slopes of 9% in Mediterranean 
climates may be as high as 19,500 kg/Ha (17,400 lb/A), with 6% nitrogen and 26% 
phosphorus depletion every year (Martínez-Casasnovas and Ramos, 2006). 
Movement of organic matter can also affect soil physical quality. Organic 
matter content is highly correlated with aggregate stability, and movement of 
organic matter downslope can reduce aggregate strength in upland soils (Le 
Bissonaise et al., 2007). This effect is particularly great on vineyards, due to 
generally lower soil organic matter, and in Mediterranean climates, where a long 
dry season can be followed abruptly with intense rain, causing severe erosion 
events (Le Bissonaise et al., 2007). 
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Soils 
 Soil factors can be broadly partitioned into chemical and physical categories 
(Sparks, 2003; Hillel, 2004). Physical factors summarize the distribution, size, and 
mineralogy of the particles that make up the soil, while chemical factors describe 
the nature and abundance of various organic and inorganic compounds that interact 
with these particles (Sparks, 2003; Hillel, 2004). One factor that greatly affects both 
of these is the nature of the parent material from which the soils were formed 
(Sparks, 2003; Hillel, 2004). The most important soil physical factors for vineyard 
management are texture, depth, and structure (Bodin and Morlat, 2006; White, 
2009; Tardaguila et al., 2011). The most important chemical factors are salinity, pH, 
organic matter content, and nutrient content and availability (White, 2009).  
Physical Factors 
Depth 
 The first and most fundamental physical factor is depth (Bodin and Morlat, 
2006; White, 2009; Tardaguila et al., 2011). Soil depth to a root-limiting layer 
dictates the area roots are able to exploit for water and nutrients (Hillel, 2004; 
McGourty and Reganold, 2011). Of the soil that roots can access, the depth of each 
soil horizon affects the degree of its physical and chemical contributions to overall 
soil quality (Tardaguila et al., 2011). Wine grapes are one of the few crops for which 
shallower soils are potentially more useful than deeper ones (Wright, 2003; 
Tardaguila et al., 2011). Vines growing in deep soils tend to have more access to 
water and nutrients, which can increase yield, but decrease quality (Wright, 2003; 
Jackson, 2008). Well-drained, shallow soils allow for greater control over vine water 
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stress, extremely important during berry development (Jackson, 2008; White, 
2009). 
Texture 
 Texture has a huge effect on soil physical and chemical properties relevant to 
winemaking (Bodin and Morlat, 2006; White, 2009). It controls the hydraulic 
conductivity, porosity, and available water-holding capacity (AWHC) of a soil. Those 
high in sand are easily and rapidly permeable to air and water, but have low AWHC. 
Those high in clay have very high field capacities, but the water is held too tightly for 
plant roots to access, and movement through soil can be slow (Hillel, 2004). Clay 
soils also tend to have poorer aeration and infiltration rates, though structure has a 
large effect on these (Hillel, 2004). Well-drained soils with moderate AWHC tend to 
produce higher quality wines than those with very high or very low water 
availability (Wright, 2003; De Andrés-De Prado et al., 2007). However, soils with 
high AWHC coupled with high fertility, can produce good quality grapes under 
drought conditions, making these soils useful in drier areas (De Andrés-De Prado et 
al., 2007).  
The clay fraction has high chemical significance, as it is the primary source of 
potential fertility in mineral soils (Hillel, 2004). Along with organic matter, 
negatively charged clay particles are host to adsorbed cations, the major source of 
plant-available soil nutrients (Sparks, 2003). The cation exchange capacity (CEC) of 
a soil is the primary measurement of a soil’s ability to hold and supply mineral 
nutrients to growing plants (Sparks, 2003; Hillel, 2004). The CEC is controlled by the 
amount and mineralogy of clay particles (Sparks, 2003; Hillel, 2004). In wine, 
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moderate CEC can be preferable to high or low CEC. Like those with high water 
holding capacity, high CEC soils may encourage the growth of more grapes, larger in 
size, but with less flavor than those grown in soils with moderate or even low 
fertility (Wright, 2003; De Andrés-De Prado et al., 2007).  
Structure 
While texture directly controls hydraulic conductivity, porosity, and 
drainage, structure greatly affects all three (Hillel, 2004; White, 2009). Especially in 
high-clay soils, these qualities can be orders of magnitude higher in soils with strong 
structure than those that are weak or structureless (Hillel, 2004). Structure also 
affects the ability of roots and mycorrhizae to explore and access the soil, which is 
vital both for water and nutrient acquisition (Havlin et al., 2005; White, 2009). 
Strong structure creates many void spaces into which roots can grow, and through 
which gases can be exchanged (Hillel, 2004; White, 2009). This allows for larger 
root systems and greater access to water and nutrients in the soil (White, 2009). 
Chemical Factors 
 While soil physical factors determine a soil’s potential fertility, chemical 
factors describe its actual nutrient content.  
Salinity 
Soil salinity is defined as the total concentration of dissolved ions in the soil 
solution (White, 2009). This encompasses both sources of essential elements, such 
as nitrate, and unnecessary and potentially harmful ions such as sodium. Irrigation 
with even slightly saline water can cause salinity problems over time, as water is 
taken up or evaporates, while salts are left behind (White, 2009). As salt builds up in 
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the soil, the osmotic pressure in the soil solution drops, and roots are less able to 
extract water from the soil, potentially causing water deficiency even in a well-
irrigated plant (White, 2009). Additionally, high concentrations of ions unnecessary 
to the plant can have deleterious effects on vine health and wine quality (White, 
2009). High amounts of sodium in the absence of other cations can completely 
destroy soil structure, making it unworkable and strangling roots of water and 
nutrients (White, 2009). Chlorine, while necessary in small amounts, can be taken 
up overabundantly in highly saline soils, causing leaf damage and negatively 
affecting wine taste (White, 2009; Iland et al., 2011). 
Soil pH 
Soil pH controls the availability of essential plant nutrients in soil (Sparks, 
2003; Havlin et al., 2005). High pH soils have freely available base cations, but 
tightly bound metal micronutrients. At low pH, base cations are unavailable, while 
metal micronutrients are freely available. Either extreme of pH causes phosphate to 
bind to cations and become immobile (Havlin et al., 2005). As maximum fertility is 
often unnecessary in vineyard soils, pH is less of an issue in viticulture as in other 
agricultural practices (Jackson, 2008). However, soils with pH below 5 may cause 
problems due to the availability of aluminum ions (Iland et al., 2011). These ions are 
toxic to plant roots, and can severely impact root development (Iland et al., 2011).  
Organic Matter 
Soil organic matter (SOM) in the form of humus increases CEC, increases soil 
aggregation and aggregate strength, and encourages the proliferation of 
microorganisms (White, 2009). This relatively stable form of carbon improves 
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nearly all measurements of soil health and ease of management: physical, chemical, 
and biological (Coleman et al., 2004; Hillel, 2004; White, 2009). The extremely high 
surface area of SOM allows it to act as a figurative and literal molecular adhesive, 
tying many soil elements together (Hillel, 2004). SOM is highest in surface horizons 
with deep-rooting grassland vegetation, and relative amounts in soil profiles can be 
visualized by soil color. Darker horizons may contain very high organic carbon, 
while lighter horizons have less (Jackson, 2008). SOM is often added to the soil with 
amendments of compost or cover crop cultivation (White, 2009). 
Nutrients 
 Relative concentrations and distributions of available plant-essential 
nutrients in the soil are dependent on many interrelated factors, and balance is as 
important as supply (Grant, 2002; Havlin et al., 2005). Every nutrient has a vital role 
in grapevine productivity, and each has its own chemical and managerial concerns. 
Oxyanions 
 Nitrogen 
 Nitrogen, in nitrate or ammonium form, is needed in smaller amounts in 
viticulture than other forms of agriculture (Jackson, 2008; McGourty and 
Christensen, 2011). Nitrate is vital due to its role in the formation of many plant 
tissues, cytoplasm, and carbohydrates (McGourty and Christensen, 2011). However, 
uncontrolled canopy growth due to nitrogen abundance produces low quality 
grapes, and can pointlessly drain the soil of water and nutrients (Jackson, 2008; 
Iland et al., 2011). In most cases, only 30 lb. N/acre are needed for proper canopy 
and berry development (McGourty and Christensen, 2011). The greatest demand 
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takes place around flowering, and then decreases to a stable need at veraison, 
followed by a crash as the plants go into senescence after harvest (Jackson, 2008). 
Vines absorb and use nitrogen fastest in the nitrate form, though some varieties are 
more efficient at using ammonium ions than others (McGourty and Christensen, 
2011). Nitrogen uptake can be managed by canopy trimming, addition of fertilizer, 
or planting of a nitrogen-fixing cover crop (McGourty and Christensen, 2011). 
 Phosphorus 
 Phosphorus, in the form of phosphate, is rarely an issue for California 
vineyards (McGourty and Christensen, 2011). Phosphorus deficiency is generally 
only a problem in cooler, wetter climates or in acid soils (McGourty and Christensen, 
2011). The phosphate ion has very low solubility, and does not move by mass flow 
(Sparks 2003; Iland et al., 2011). As a result, plant roots or associated mycorrhizae 
must make physical contact with phosphate ions to access them (Havlin et al., 2005; 
White, 2009). Soils with very high soluble calcium or magnesium (in alkaline soils), 
or iron or aluminum (in acidic soils) will have lower phosphate availability, as these 
ions will form insoluble complexes (Sparks, 2003; McGourty and Christensen, 
2011). Situations in which phosphate might become limiting would be if root-
associated mycorrhizal hyphae were destroyed by fumigation, or if a leguminous 
cover crop is used, as these plants have a higher phosphorus requirement 
(McGourty and Christensen, 2011). 
 Sulfur 
 Sulfur, in the form of sulfate, is likewise almost never limiting in California 
vineyards, or in fact in any vineyard (McGourty and Christensen, 2011).  Sulfur is 
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essential in the formation of several amino acids in vines, and especially in 
leguminous cover crops (McGourty and Christensen, 2011). Thirty pounds of sulfur 
per acre per year is more than enough to sustain vines, as well as any potential 
cover crop (McGourty and Christensen, 2011). 
 Boron 
 Boron, in the form of borate, is a micronutrient commonly deficient in 
California vineyard soils (McGourty and Christensen, 2011). Boron management can 
be difficult, as it moves by mass flow in the soil, and there is a very small window 
from sufficient to toxic concentrations (Grant, 2002). Specifically, 0.4 ppm boron in 
soil solution is usually adequate, but as little as 1.0 ppm can negatively affect vine 
growth (McGourty and Christensen, 2011). Borate can be derived from the 
weathering of borosilicate minerals or from irrigation water (McGourty and 
Christensen, 2011). Vines use boron in cell differentiation, and deficiencies result in 
poor fruit set, berry irregularity, or even complete crop loss (McGourty and 
Christensen, 2011). 
Base Cations 
 Sodium 
 Sodium is not a plant essential element, but is important by virtue of its 
effects on soil quality and plant development (Havlin et al., 2005; White, 2009). 
Sodium ions occupy cation exchange sites, and large amounts can disrupt or destroy 
soil structure (White, 2009). This is due to the very large hydrated radius of the 
sodium ion, which disperses soil particles when not balanced by cations with small 
radii (Sparks, 2003; Hillel, 2004). Sodium contributes to soil salinity, but has no 
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function in the plant (White, 2009). However, it is still absorbed by vine roots and 
accumulates in plant tissues, especially leaves, potentially causing salt burn (Iland et 
al., 2011). It can also accumulate in berries (Iland et al., 2011). In high enough 
concentrations, if chloride ions are also abundant in the soil solution, it can cause a 
salty taste in the wine itself (Iland et al., 2011). Sodium can easily accumulate in 
vineyard soils due either to natural mineral weathering or saline irrigation water 
(White, 2009). 
 Potassium 
 Potassium is extremely important to grapevine growth due to its wide range 
of functions in the plant, including sugar synthesis (McGourty and Christensen, 
2011). Potassium weathers from rocks such as feldspar and micas, generally 
common in California soils (McGourty and Christensen, 2011). However, this 
weathering occurs very slowly, and areas with ultramafic geology can have severe 
imbalances with magnesium, leading to deficiency (Jackson, 2008; McGourty and 
Christensen, 2011). Vines need potassium at all stages of growth, but absorption 
spikes during fruit ripening (McGourty and Christensen, 2011). Factors that may 
contribute to deficiencies at this time are water stress, poor soil or root structure, 
and nutrient imbalance with calcium or magnesium (McGourty and Christensen, 
2011). Erosion is also a common cause of potassium deficiency, as the majority of 
potassium in the soil profile is located in the surface horizon (Jackson, 2008). 
Potassium can be provided by organic or inorganic amendments, though many types 
of compost are low in potassium (White, 2009; McGourty and Christensen, 2011). 
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Magnesium 
 Magnesium is a vital component of chlorophyll and many plant enzymes 
(McGourty and Christensen, 2011). It is not commonly deficient in Californian soils 
except in areas with consistent application of gypsum or potassium fertilizers, 
where a nutrient imbalance may form (Havlin et al., 2005). As previously 
mentioned, in soils with ultramafic parent material, it is commonly far in excess, 
enough to cause deficiencies of calcium and potassium. Soils with calcium to 
magnesium ratios less than one, or with 60% of cation exchange sites filled by 
magnesium, will have problems with nutrient availability, poor soil structure, and 
cover crop growth (McGourty and Christensen, 2011). 
 Calcium 
Calcium is used in plants for chemical signaling, and as a structural 
component of cell walls (Jackson, 2008).  It is primarily derived from weathering of 
rocks containing calcium carbonate, such as limestone and dolomite, and feldspars 
(Havlin, 2005; White, 2009). As with potassium, calcium is not widely deficient in 
California soils, except in areas with ultramafic rock parent material. These cause an 
imbalance with magnesium, leading to stunted shoot and root growth (Havlin et al., 
2005; Jackson, 2008). The ideal soil calcium to magnesium ratio for grapevines is 
5:1 (Havlin et al., 2005; Jackson, 2009). Common calcium amendments are gypsum 
and lime (Havlin et al., 2005; White, 2009). 
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Metal Micronutrients 
 Manganese 
 Manganese is used in the activation of enzymatic reactions and in the 
production of chlorophyll (Jackson, 2008; McGourty and Christensen, 2011). It is 
rarely deficient in California soils, though issues may stem from overabundance 
(Jackson, 2008). Moist, acidic soils may cause toxicity due to buildup of the highly 
soluble, reduced Mn2+ form (Jackson, 2008). As with magnesium, soils derived from 
ultramafic parent material can have manganese levels high enough to cause an 
imbalance with iron, or manganese toxicity (McGourty and Christensen, 2011).  This 
can be treated with the addition of ferrous sulfate (McGourty and Christensen, 
2011). 
 Iron 
Iron, like manganese, is used for enzymatic activation of growth and 
chlorophyll formation (McGourty and Christensen, 2011). It is very commonly 
lacking, though deficiencies are usually small and temporary. These deficiencies can 
be extreme and persistent in alkaline soils, or those that have been consistently 
limed (Jackson, 2008; McGourty and Christensen, 2011). Soils with fine texture in 
cold, wet climates show the most extreme deficiencies. Iron is extremely abundant 
in all soils due to its prevalence in silicate minerals, though it is only plant available 
in ionic form (McGourty and Christensen, 2011). This form complexes strongly with 
phosphate and carbonates, reducing iron availability in soils abundant in either 
(Havlin et al., 2005: McGourty and Christensen, 2011). Deficiency results in leaf 
chlorosis and poor fruit set (McGourty and Christensen, 2011). Amelioration of iron 
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deficiency in these soils is difficult, as iron is neither chemically available in the soil 
nor able to be absorbed through the leaves, ruling out foliar applications (McGourty 
and Christensen, 2011). The most cost-effective way to amend alkaline, iron-
deficient soils is to acidify the soil with elemental sulfur (Havlin et al., 2005).  
Copper 
 Copper is used as a component of enzymes involved in metabolic oxidation 
and reduction (Ross and Salisbury, 1992). As in manganese, it is rarely deficient, and 
much more often a concern for toxicity (Jackson, 2008). On historic vineyards, 
especially in Europe, a mixture of copper sulfate and calcium hydroxide was widely 
used as a fungicide (Fernández-Calviño et al., 2008). Copper ions are not mobile in 
soil, and remain predominantly adsorbed to soil particles. Copper can accumulate to 
toxic levels, especially at the base of hills where sediment is deposited by overland 
flow (Fernández-Calviño et al., 2008). 
 Zinc 
Despite its relatively low plant requirement, zinc is responsible for many 
processes in grapevines (McGourty and Christensen, 2011). These include leaf, 
shoot, and berry development and chloroplast formation (McGourty and 
Christensen, 2011). It is very commonly deficient in California vineyards, due to its 
immobility and unavailability at pH levels between 6 and 8 (McGourty and 
Christensen, 2011; Fernández-Calviño et al., 2012). However, in acidic conditions, 
zinc levels can be high enough to damage terrestrial or aquatic ecosystems 
(Fernández-Calviño, 2012) Removal of topsoil and overabundance of phosphate are 
two common causes of zinc deficiency (Grant, 2002; Jackson, 2008). Zinc is initially 
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derived from primary weathering of minerals, but the decay of organic material, 
concentrated at the soil surface, is the source of most plant-available zinc (McGourty 
and Christensen, 2011). Like phosphorus, zinc availability is limited to root or 
mycorrhizae contact. Undeveloped or damaged roots and soil fumigation can 
therefore cause zinc deficiency (White, 2009). Zinc can be lost from vineyard soils 
with sediment transported during erosion events. As zinc is chemically unavailable 
in many California soils, deficiencies are often countered by foliar spray (McGourty 
and Christensen, 2011).  
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Materials and Methods 
Site Description 
 The vineyard is located in San Luis Obispo, CA (N 35° 19’, W 120° 41’) (Figure 
1). The survey area is mapped as Jurassic-age Franciscan Complex mélange and 
Quaternary age alluvium (Figure 2) (USGS, 2001). The soil is mapped as Los Osos 
loam, 15-30% slopes (USDA-NRCS, 2001). Elevations on the site range from 102-
131 meters (334-429 feet). 
 
 Figure 1. Extent of the Cal Poly vineyard.
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 Figure 2. Underlying vineyard geology mapped by USGS. 
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Climate 
The site has a mild Mediterranean climate, with hot, dry summers and cool, 
wet winters (Tables 1, 2, 3, 4) (WRCC, 2012). The coolest average temperatures 
occur in January and the warmest in August. The average high temperature in 
January is 17.3 °C, the average low is 5.3 °C, and the overall average is 11.3 °C. The 
average high temperature in August is 26.3 °C, the average low is 11.6 °C, and the 
overall average is 18.9 °C. The annual average temperature is 15.2 °C. Despite the 
relatively mild climate, temperatures as high as 44.4 °C and as low as -11.1 °C have 
been recorded between the years of 1948 and 2005. There is an average of 1965 
Celsius Degree Days (3537 Fahrenheit) per year, with over 60% from June to 
October. This narrowly pushes the area into Viticultural Climactic Region IV 
(Jackson, 2008).  
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Table 1. Vineyard Climate – Temperature at Vineyard Site (1948-2005, Imperial System). 
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual 
Average Max (°F) 63.1 64.9 65.7 68.4 70.9 74.9 78.3 79.3 79.5 76.7 70.4 64.5 71.4 
Highest Mean (°F) 59.2 59.3 61.8 63.4 67.1 70.2 69.4 71.1 74.6 68.4 65.3 59.4 61.8 
Record High (°F) 88 89 91 104 102 106 106 105 112 109 98 92 112 
Average Min (°F) 41.6 43.4 43.9 45.4 47.6 50.4 52.5 52.9 52.5 50 45.9 42.1 47.4 
Lowest Mean (°F) 44.1 48.8 50 49 55.3 58.2 61.3 62.9 61.5 59 52.4 46.1 57.1 
Record Low (°F) 15 28 28 29 34 37 41 40 40 30 23 12 12 
Average Temp (°F) 52.4 54.1 54.8 56.9 59.2 62.7 65.4 66.1 66 63.4 58.2 53.3 59.4 
Avg Degree Days (°F) 110 132 163 215 286 380 477 498 480 415 249 131 3537 
Freeze Probability (%) 70-50 40-20 20-10 10-0 0 0 0 0 0 0-10 10-20 20-40 N/A 
 
 
Table 2. Vineyard Climate – Precipitation at Vineyard Site (1948-2005, Imperial System). 
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual 
Record High (in) 24.63 15.16 16.48 6.90 3.41 0.80 0.46 1.41 3.87 5.21 7.80 10.88 48.76 
Record Low (in) 0.01 0 0 0 0 0 0 0 0 0 0 0 9.94 
One Day Max (in) 5.90 4.74 4.26 3.12 1.26 0.62 0.46 1.01 2.00 2.21 2.67 3.90 5.90 
Average Days >0.10 in 6 6 5 3 1 0 0 0 1 2 4 5 33 
Average Days >1.0 in 2 2 1 1 0 0 0 0 0 0 1 1 8 
Average Total Snowfall (in) 0 0 0 0 0 0 0 0 0 0 0 0 0 
Average Total Rain (in) 5.17 4.86 3.65 1.71 0.44 0.07 0.03 0.05 0.33 0.90 2.47 3.79 23.45 
 
 
 25
 
 
Table 3. Vineyard Climate – Temperature at Vineyard Site (1948-2005, Metric System). 
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual 
Average Max (°C) 17.3 18.3 18.7 20.2 21.6 23.8 25.7 26.3 26.4 24.8 21.3 18.1 21.9 
Highest Mean (°C) 15.1 15.2 16.6 17.4 19.5 21.2 20.8 21.7 23.7 20.2 18.5 15.2 16.6 
Record High (°C) 31.1 31.7 32.8 40.0 38.9 41.1 41.1 40.6 44.4 42.8 36.7 33.3 44.4 
Average Min (°C) 5.3 6.3 6.6 7.4 8.7 10.2 11.4 11.6 11.4 10.0 7.7 5.6 8.6 
Lowest Mean (°C) 6.7 9.3 10.0 9.4 12.9 14.6 16.3 17.2 16.4 15.0 11.3 7.8 13.9 
Record Low (°C) -9.4 -2.2 -2.2 -1.7 1.1 2.8 5.0 4.4 4.4 -1.1 -5.0 -11.1 -11.1 
Average Temp (°C) 11.3 12.3 12.7 13.8 15.1 17.1 18.6 18.9 18.9 17.4 14.6 11.8 15.2 
Avg Degree Days (°C) 61 73 91 119 159 211 265 277 267 231 138 73 1965 
Freeze Probability (%) 70-50 40-20 20-10 10-0 0 0 0 0 0 0-10 10-20 20-40 N/A 
 
 
 
Table 4. Vineyard Climate – Precipitation at Vineyard Site (1948-2005, Metric System). 
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual 
Record High (cm) 62.56 38.51 41.86 17.53 8.66 2.03 1.17 3.58 9.83 13.23 19.81 27.64 123.85 
Record Low (cm) 0.03 0 0 0 0 0 0 0 0 0 0 0 25.25 
One Day Max (cm) 14.99 12.04 10.82 7.92 3.20 1.57 1.17 2.57 5.08 5.61 6.78 9.91 14.99 
Average Days >0.25 cm 6 6 5 3 1 0 0 0 1 2 4 5 33 
Average Days >2.5 cm 2 2 1 1 0 0 0 0 0 0 1 1 8 
Average Total Snowfall (cm) 0 0 0 0 0 0 0 0 0 0 0 0 0 
Average Total Rain (cm) 13.13 12.34 9.27 4.34 1.12 0.18 0.08 0.13 0.84 2.29 6.27 9.63 59.56 
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Probability of a frost event (atmospheric temperature below 0 °C for any 
amount of time in a 24 hour period) is 0% from May to September, and only reaches 
above 20% from December to February (Tables 1, 3) (WRCC, 2012). At the beginning of 
January, temperatures fall below freezing on 70% of nights, with this percentage 
decreasing to 50% by the end of the month (WRCC, 2012). 
Over 85% of the 60 cm average annual precipitation falls from November to 
March, with January having the highest average rainfall (Figures 2, 4) (WRCC, 2012). 
Only 2% falls from June through September, with none from June to August in most 
years. However, annual measurements as high as 124 cm and as low as 25 cm have 
been recorded. Minimum historic rainfall in every month has been zero, or 
negligibly small. Maximum values ranged between 3 and 15 times the average for 
that month, with higher ratios in summer due to very low average rainfall. This 
shows the high variability in the amount and timing of rainfall in this area. While 
large storm events are relatively rare, as much as 15 cm of water has fallen in a 
single day. (WRCC, 2012). 
Topography 
 The site is located on a convex hillslope. The portion of the vineyard furthest 
upslope is located on the backslope, between elevations of approximately 125 and 130 
meters, with slopes of 10-15%. This portion of the vineyard is not extensive. The 
majority of the site is located on the footslope, between elevations of approximately 
110 and 125 meters, with slopes of 7-11%. The remainder of the vineyard occupies the 
toeslope position, between elevations of approximately 100 and 110 meters, with 
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slopes of 5-7%. The western third of the vineyard has a south-facing aspect, the central 
third has a southeast aspect, and the eastern third has an eastern aspect. 
Management 
Prior to vine planting, the 12.7-acre site was used as pasture for livestock. 
Native site characteristics are unknown, as is the date of transition to grazing. 
Judging from the surrounding area, it seems likely that it was a savannah ecosystem 
occupied by perennial grasses and sparse oak trees. In 2003, Tempranillo, Syrah, 
and Chardonnay grapevines were planted on the eastern half of the site, followed by 
Pinot Noir on the western half in 2007 (Figure 3). The site is now managed as a 
functioning vineyard. A variety of clones and rootstocks are used for each cultivar, 
planted in a random grid pattern for instructional purposes. The exact locations of 
these clones and rootstocks are unavailable at the time of this writing. 
 
 Figure 3. Vitis vinifera cultivars grown at the Cal Poly vineyard.
28
 
 29
 
Tempranillo is grown on 0.8 acres at the vineyard’s western edge.  All vines 
are ENTAV 770 clones growing on 110-R rootstock. 
Moving east, Syrah is grown on a plot of 2.6 acres. Vine clones are numbers 
174, 877, 470, and 383. Rootstocks used are Schwartzman, 420-A, 101-14, and 5BB. 
Next to the Syrah, 2.8 acres of Chardonnay are grown, roughly in the center 
of the vineyard. Records of both Chardonnay clone and rootstock types are 
unavailable at the time of this writing. 
The remaining 4.6 acres on the eastern half of the vineyard are planted in 
Pinot Noir. Vine clones used are numbers 777, 667, 115, and Swan. Rootstocks used 
are 110-R and SO4. 
In the last growing season, vines were irrigated with drip irrigation at a rate 
of 15 liters (4 gallons) per vine once per week during July and August, and once 
every two weeks (as needed) in September and October.  
Vines were fertilized using fertigation with 2 gallons per acre UAN-32 in 
November, and 5 gallons per acre CAN-17 in early May. Additionally, compost was 
added in early November at a rate of 7 tons/A. The composition of this compost is 
unavailable at the time of this writing. 
In order to control mildew and mealybug infestations, vines were sprayed 
with 10 gallons per acre lime sulfur (29% by mass calcium polysulfide, 0.36 kg/L 
gypsum equivalent) in winter, and 2 lb per acre kumulus (80% S) in spring (PMRA, 
2012).  
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Interrow spaces were disked to a depth of approximately 10 cm and chiseled 
to a depth of 20 cm in early November to prepare for cover crop seeding. 
An interrow cover crop of sweet pea and red clover was planted in 
November.  
Methods 
Morphology 
Six soil pits were dug to a depth of approximately 120 cm using a backhoe 
(Figure 4). This is the maximum open pit depth allowed without wall support under 
OSHA regulations (USDL-OSHA, 1996). The locations of the pits were selected to 
maximize the potential soil variability due to parent material, landform, and slope. 
Soils were described according to USDA-NRCS standard procedures (Soil Survey 
Staff, 2010). Representative soil samples were collected from every horizon 
described and taken to the lab in sealed plastic bags for chemical analysis.  Bags 
were erroneously left sealed for a period of three weeks before drying and analysis. 
This was expected to impact the measured concentrations of some chemical 
variables, especially nitrate.  
Auger holes were dug throughout the vineyard to determine soil horizon 
depths and underlying parent materials (Figure 4). Soil map unit boundaries, ranges 
in characteristics, and inclusions were determined by consideration of auger hole 
and pit characteristics. Depths to Cr horizon were prioritized in determining the 
extent and boundaries of soil map units. 
 Figure 4. Locations and numbers of soil pits and auger holes.
31
 32
Chemistry 
Samples were allowed to air-dry, then passed through a 2 mm wire sieve. 
Samples were subjected to a variety of chemical tests. Most tests were performed as 
extractions of plant-available nutrient ions. Two randomly selected duplicates were 
performed for each test to assess method precision. 
EC, pH, SOM 
The electrical conductivity (EC) of each sample was measured using a 
Fieldscout Direct Soil EC probe from Spectrum Technologies. EC values were 
measured in saturated paste.  
The pH of each sample was measured using an Accumet Basic AB15 pH 
meter from Fisher Scientific. These pH values were measured in 2:1 DI water to soil 
solution.  
Total carbon and nitrogen were measured using a Variomax CNS machine 
from Elementar. Approximately 10 g of each sample was ground to a fine powder 
using a mortar and pestle, and 900-1100 mg of the powdered sample was weighed 
into a graphite crucible using an analytic balance. Crucibles were run though the 
Variomax CNS machine using mineral soil protocol, and absolute % carbon and 
nitrogen were measured and recorded. 
Extractions 
All extractions were performed using the same basic protocol, which is 
summarized here and elaborated upon for each individual extraction to avoid 
redundancy. Small samples of soil were combined with extraction solution in 50 mL 
plastic centrifuge tubes. The tubes were shaken on a reciprocating shaker. They 
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were then centrifuged for 10 minutes at 2000 rpm in an Eppendorf 5810R 
centrifuge. The supernatant was filtered into a receptacle for storage or dilution. All 
extracted solutions were finally poured into 30 mL scintillation vials and stored at 
approximately 3 °C in a refrigerator until removal for analysis. Analysis of nitrate 
concentration was performed with a Corning pH meter 125 ion-selective electrode, 
base cations and metal micronutrient concentrations with a Varian SpectrAA 55B 
atomic absorption spectroscopy (AAS) machine, and sulfate and phosphate 
concentrations with a Jobin Yvon Horiba Ultima inductively coupled plasma atomic 
emission spectroscopy (ICP AES) machine. 
Oxyanions 
Nitrate was extracted using 4.00 g soil and 40 mL 1 M K2SO4 extracting 
solution. It was shaken for 30 minutes, centrifuged, and the supernatant was filtered 
with Whatman No. 1 filter paper into a scintillation vial. Nitrate concentration in the 
filtrate was measured using a NO3- selective electrode.  
 Phosphate was extracted using the Olsen method. Four (4.00) g soil, 0.5 
teaspoon of activated charcoal, and 40 mL of 0.5 M NaHCO3 were combined in a 
centrifuge tube. The tube was shaken for 30 minutes, centrifuged, and the 
supernatant was filtered with Whatman No. 1 filter paper. Five (5.00) mL of the 
filtrate was pipetted into a 50 mL volumetric flask, which was filled to volume with 
DI H2O to create a 10X dilution. Phosphate concentration in the diluted solution was 
measured using ICP AES.  
Sulfate was extracted using 4.00 g soil and 40 mL DI H2O, with 4 drops of 1:3 
concentrated acetic acid added to encourage flocculation. It was shaken for 30 
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minutes, centrifuged, and the supernatant was filtered with Whatman No. 1 filter 
paper into a 100 mL volumetric flask. Forty (40) ml of the same extracting solution 
was added to the soil remaining in the centrifuge tube. It was shaken, centrifuged, 
and filtered as before into the same flask. This solution was filtered using Whatman 
No. 42 filter paper into another 100 mL volumetric flask, as the filtrate remained 
cloudy after the first filtering. The flask was filled to volume with DI H2O, and the 
solution measured using ICP AES. 
Base Cations 
Sodium, potassium, magnesium, and calcium were extracted using 4.00 g soil 
and 25 mL 1 M ammonium acetate (NH4OAc) buffered to pH 7. It was shaken for 30 
minutes, centrifuged, and the supernatant was filtered with Whatman No. 1 filter 
paper into a 100 mL volumetric flask. As in sulfate extraction, the soil was extracted 
again and filtered into the same flask. The flask was brought to volume with 
NH4OAc. This solution was reserved for analysis in scintillation vials. A 1.25 mL 
aliquot of this solution was placed in a 25 mL volumetric flask. The flask was filled to 
volume with DI H2O to create a 20X dilution. The concentrations of Na, K, Mg, and Ca 
ions in this solution were measured first, by AAS. If concentrations were too dilute, 
the more concentrated solution was measured. 
Base cation concentrations measured by NH4OAc extraction were used to 
calculate cation exchange capacity by the sum of base cations method. 
Metal Micronutrients 
Manganese, iron, copper, and zinc were extracted using 5.00 g soil and 40 mL 
diethylene triamine pentaacetic acid (DTPA) solution. The solution was created by 
 35
dissolving 14.9 g TEA, 1.97 g DTPA, and 1.47 g calcium chloride dihydrate 
(CaCl2*2H2O) in 1.00 L DI H2O. The soil and extracting solution were shaken for 45 
minutes, centrifuged, and filtered using Whatman No. 42 filter paper into 
scintillation vials. The concentrations of Mn, Fe, Cu, and Zn in the filtrate were 
measured by AAS. 
Quality Control 
 The quality of the data collected was evaluated by the analysis of samples 
with known additions (spikes), standard reference materials (SRM), duplicates, 
replicates, and blanks.  
Method QC 
The accuracy and precision of the data obtained with these extraction 
methods were guaranteed by the analysis of blanks, SRM, and duplicate samples 
(Table 5). The average percentage of recovery of Elemental Microanalysis SRM 
#B2178 (Medium Organic Content Soil) was calculated in C/N analysis to measure 
accuracy. Average percent differences between duplicates were analyzed to 
determine the precision of the method. Average standard errors of these duplicates 
were used to create error bars. Average standard errors are absolute values, with 
the same units in which measurements were made (absolute % for C and N, ppm for 
all others). Method detection limits were calculated from the analysis of blanks. 
For the purpose of method analysis, a recovery between 80-120% was 
considered acceptable. All recoveries were within these bounds.  
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Table 5. Method Quality Control. 
Parameter C N Na K Mg Ca Zn Cu Mn Fe NO3 PO4 SO4 
% SRM R 98.7 91.2 94.2 94.9 N/A N/A 98.1 101.7 98.0 101.7 102.6 108.0 96.0 
% Duplicate Difference 100.2 103.9 111.2 102.2 99.0 100.8 105.2 100.0 103.9 103.4 106.5 100.6 100.9 
Avg Duplicate SE 0.0033  0.0013 6.27 4.79 3.58 10.63 0.036 0.0037 0.14 0.38 0.15 0.16 1.81 
MDL (ppm) N/A N/A 4.3 10.8 0.8 2.5 0.5 0.0 0.0 0.0 4.7 0.0 43.8 
 
 
 
 
Table 6. Instrument Quality Control. 
Parameter C N Na K Mg Ca Zn Cu Mn Fe NO3- PO4 SO4- 
% ICV R N/A N/A 102.7 99.0 107.5 97.0 101.4 101.8 99.0 100.2 N/A 96.0 96.0 
% CCV R 99.1 98.5 101.3 98.2 107.5 96.0 100.8 101.1 95.8 100.0 N/A 109.0 95.5 
% Spike R N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 119.8 114.3 
% Replicate R 98.4 95.2 N/A N/A N/A N/A 108.0 100.0 97.5 101.2 88.5 98.6 102.8 
 37
 
 
Instrument QC 
 Accuracy and precision of data gathered by selective electrode, AAS, and ICP-
AES were guaranteed by analysis of spiked samples, blanks, replicates, and external 
lab standards (Table 6). Initial and continuing calibration verifications (ICV, CCV) of 
the instrument were performed to determine instrument accuracy. Tests with 
external lab standards confirmed these measurements of accuracy. Average 
percentages of recoveries of instrument spikes were calculated to determine the 
accuracy of ICP-AES in measuring the concentration of phosphate and sulfate ions. 
Average percent differences between replicates were calculated to determine the 
precision of the instruments.  
For the purpose of instrument analysis, a recovery between 90-110% was 
considered acceptable. Almost all measurements fell within this range. The 
precision of the nitrate-selective ion was low, due to the generally low 
concentrations of ions in the samples and to the nature of the instrument. The spike 
recoveries of both sulfate and phosphate were high, indicating some interaction 
between the ions and their respective extracting solutions. This may have caused 
both to be measured at levels above their true concentrations. 
Spikes were only performed on samples analyzed by ICP AES, as AAS 
measurement of base cations and metal micronutrients extracted by these methods 
have never shown any significant interactions with extracting solutions. There was 
no ICV measured for organic carbon, as the quality of data provided by CNS total C 
and N measurement is always greatest at the beginning of a run. Neither ICV nor 
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CCV were measured for the NO3- selective electrode because it is not sensitive to 
drift over time, unlike the AAS and ICP-AES. Replicates were not performed on any 
of the base cations, as the accuracy of this machine measuring these ions is generally 
very high. Duplicate measurements can be considered a substitute for replicates, as 
variation due to both method and instrument factors is likely to be less than that 
due to instrument alone. 
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Results 
Morphology 
General 
Analysis of soil pits and auger holes revealed 4 distinct map units in the area 
studied. These were taxadjuncts of the Saurin series, Azule series, and Rincon series, 
as well as an undescribed series of clayey, smectitic, thermic Typic Haploxeralfs, 
referred to hereafter as the Estrin clay (Figure 5). 
 
 Figure 5. Soils mapped at the Cal Poly vineyard.
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The Saurin, Azule, and Rincon soils were underlain predominantly by weakly 
calcareous greywacke, while the Estrin clay was underlain by metamorphosed 
sandstone (metasandstone). Rock fragments on soil surfaces and at depth indicated 
the presence of metasandstone, greenstone, chert, and serpentinite inclusions on 
the site or further uphill. All rock types were estimated to be part of the Jurassic-era 
Franciscan Complex mélange mapped by the USGS on the northeastern portion of 
the site (Figure 2). While the USGS mapped quaternary alluvium on the 
southeastern portion of the site, no alluvial parent material was discovered at depth. 
As pits were only dug to 120 cm, the parent materials in this portion of the site 
cannot be determined with certainty; however, their similarity to soil profiles with 
underlying greywacke supports the hypothesis that these soils are likely derived 
from the same material.  
Most soils were formed from weathered greywacke colluvium, or alluvium 
over colluvium. The Estrin clay was formed in metasandstone residuum, making it 
the one exception. Greenstone and serpentinite fragments were noted more 
frequently in the northwestern portion of the vineyard, and were generally absent 
from the southeastern portion.  The Bw horizons of the Azule and southern Rincon 
soils were formed from alluvium transported from upslope, creating a lithologic 
discontinuity in these soils. This erosional alluvial layer was deepest in the 
southeast portion of the vineyard.  
 Soil depths to weathered rock can be generalized as shallow on the 
backslope, moderately deep on the footslope, and deep on the toeslope. However, 
there are many exceptions. Augering revealed inclusions of deep soils at the 
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backslope, and shallow soils at the toeslope. Additionally, there are several 
inclusions of deep or shallow soils on the footslope. 
 Textures were fine-loamy to fine, with sandy loam or sandy clay loam at the 
surface and sandy clay or clay in subsurface horizons. There was greater evidence of 
clay illuviation in the eastern half of the vineyard, where abrupt changes in texture 
and argillic horizons were common. However, the sharp textural distinction 
between Bw and Bt horizons in these soils was due to more to deposition of coarse 
alluvial material from upslope rather than in situ eluviation. Clay mineralogy was 
presumed to be smectitic based on notable cracking, indicating shrink-swell 
characteristics, in all soil profiles. 
 Structures were primarily subangular blocky in the surface horizons, with 
blocks becoming coarser down soil horizons, eventually transitioning into coarse, 
very coarse or extremely coarse prismatic structures. Structure was generally 
strong, except in Bw horizons of the Azule and Rincon soils. While shrink-swell 
cracks were noted in many soils, slickensides were not found in any profile.  
Soil Map Units 
Saurin taxadjunct sandy clay loam, 5-11% slopes– 0.56 acres, Pits 1 and 2 
 This soil is confined to two small patches at the northwest and southern 
corners of the vineyard. It formed on the backslope and toeslope in colluvium 
containing mostly calcareous greywacke, but possibly also significant amounts of 
greenstone and/or serpentinite. This taxadjunct is distinct from the Saurin series in 
that it is shallow, lacks clay films in the Bw horizon (hence its classification as a Bw 
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horizon), and is dominated by sandy clay loam rather than silty loam texture. It is 
derived from greywacke, rather than sandstone or siltstone. 
Pit 1 
TAXONOMIC CLASS: Fine-loamy, smectitic, thermic Typic Haploxerolls 
Slope: 10% 
Surface Hydraulic Conductivity: Moderate 
Limiting Hydraulic Conductivity: Low 
Drainage Class: Well Drained 
Runoff Class: High 
Available Water Holding Capacity: Very Low (5.6 cm) 
Effective Depth: Shallow (36 cm) 
Ap – 0 to 11 cm; brown (10YR 4/3) loam, very dark grayish brown (10YR 3/2) 
moist; strong coarse subangular blocky structure; very hard, friable, moderately 
sticky and very plastic; common very fine roots; moderately acid (pH 5.82); abrupt 
wavy boundary. 
Bw – 11 to 36 cm; olive brown (2.5Y 4/4) sandy clay loam, dark brown (10YR 3/3) 
moist; strong very coarse prismatic structure; extremely hard, friable, very sticky 
and very plastic; common very fine roots and common medium roots; slightly acid 
(pH 6.03); abrupt wavy boundary. 
Cr – 36 – 120 cm; light yellowish brown (2.5Y 6/4) greywacke, light olive brown 
(2.5Y 5/4) moist; very few fine roots; slightly acid (pH 6.50) 
 
 Photo 1. Saurin taxadjunct, pit 1 soil profile, taken Oct. 23, 2011.
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Pit 2 
TAXONOMIC CLASS: Fine-loamy, smectitic, thermic Typic Haploxerolls 
Slope: 5% 
Surface Hydraulic Conductivity: High 
Limiting Hydraulic Conductivity: Low 
Drainage Class: Well Drained 
Runoff Class: Very Low 
Available Water Holding Capacity: Low (8.0 cm) 
Effective Depth: Shallow/Moderately Deep (53 cm, wavy boundary) 
Ap – 0 to 12 cm; brown (10YR 5/3) sandy clay loam, very dark grayish brown (10YR 
3/2) moist; strong medium granular structure; very hard, friable, moderately sticky 
and slightly plastic; many very fine roots; slightly acid (pH 6.41); clear smooth 
boundary. 
Bw – 12 to 53 cm; olive brown (2.5Y 4/4) sandy clay loam, very dark grayish brown 
(10YR 3/2) moist; weak coarse subangular blocky structure; extremely hard, friable, 
very sticky and very plastic; many very fine roots and few medium roots; slightly 
acid (pH 6.52); abrupt wavy boundary. 
Cr – 53 to 120 cm; light yellowish brown (2.5Y 6/4) greywacke, light olive brown 
(2.5Y 5/4) moist; very few medium roots; neutral (pH 7.16) 
 
 Photo 2. Saurin taxadjunct, pit 2 soil profile, taken Oct. 23, 2011.
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Azule taxadjunct clay, 5-11% slopes – 7.68 acres, Pit 3 
 This soil is the largest and most varied that was mapped on the site. It is 
present in a widening arc from the northeastern corner to the western half of the 
vineyard. It formed primarily at the footslope. It is derived from a thin layer of 
alluvium over greywacke colluvium, with some inclusions of greenstone, 
metasandstone, and serpentinite colluvium. The easternmost areas of the soil are 
derived entirely from greywacke, with greater presence of other rocks moving west.  
This taxadjunct differs from the Azule series in that it has colors of higher 
chroma and value, making it a Typic rather than a Mollic Haploxeralf. Additionally, it 
has a surface horizon texture of sandy clay loam rather than clay loam, and is 
derived from greywacke instead of sandstone or shale. 
This soil varies significantly across the site. Auger holes indicated small areas 
of potentially finer, deeper, and darker clay in the northern extent of the map unit, 
and shallow, coarser areas in the south. The area was mapped as a single map unit 
despite this distinction because there were no pit data that could accurately 
describe these small variations. Though predominantly moderately deep (50-100 
cm to weathered rock), this soil contains small inclusions of both shallow (0-50 cm) 
and deep (100-150 cm) soils. Shallow areas are located throughout the Eastern edge 
of this map unit, mostly on the toeslope. Deep areas are located at the north and 
northwestern edges of the map unit, at the backslope position. They are closely 
interspersed with shallow areas of the Estrin series. 
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Pit 3 
TAXONOMIC CLASS: Fine, smectitic, thermic Typic Haploxeralfs 
Slope: 10% 
Surface Hydraulic Conductivity: High 
Limiting Hydraulic Conductivity: Low 
Drainage Class: Well Drained 
Runoff Class: Low 
Available Water Holding Capacity: Low (12.3 cm) 
Effective Depth: 82 cm 
Ap – 0 to 11 cm; light olive brown (2.5Y 5/4) sandy loam, very dark grayish brown 
(10YR 3/2) moist; strong medium granular structure; very hard, very friable, 
slightly sticky and moderately plastic; many very fine roots; slightly acid (pH 6.35); 
clear smooth boundary. 
Bw – 11 to 34 cm; olive brown (2.5Y 4/4) sandy clay loam, dark olive brown (2.5 YR 
3/3) moist; weak coarse subangular blocky structure; very hard, very friable, 
moderately sticky and very plastic; common very fine roots; neutral (pH 6.82); 
abrupt smooth boundary. 
2Bt – 34 to 82 cm; light olive brown (2.5Y 5/6) clay, olive brown (2.5Y 4/4) moist; 
strong coarse prismatic structure; extremely hard, firm, slightly sticky and very 
plastic; common very fine roots and few medium roots; many faint clay films on ped 
faces; neutral (pH 6.77); abrupt wavy boundary. 
2Cr – 82 – 120 cm; light yellowish brown (2.5Y 6/4) greywacke, light olive brown 
(2.5Y 5/4) moist; mildly alkaline (pH 7.71) 
  
Photo 3. Azule taxadjunct, pit 3 soil profile, taken Oct. 23, 2011.
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Rincon taxadjunct clay, 5-10% slopes – 3.33 acres, Pits 5 and 6 
 This soil is located at the northwestern and western edges of the vineyard. It 
is formed in greywacke colluvium or alluvium over greywacke colluvium at the 
footslope and toeslope positions. This taxadjunct differs from the Rincon series in 
that it has colors of higher value and chroma, making it a Typic rather than Mollic 
Haploxeralf. It is dominated by sandy loam and clay instead of silty clay loam and 
silty clay textures. It is less strongly alkaline at depth, and is derived primarily from 
greywacke colluvium instead of alluvium. 
The Rincon taxadjunct is much more uniform across the site than the 
adjacent Azule taxadjunct. It is similar to the Eastern half of the Azule taxadjunct in 
all ways except for depth class, being anywhere from 20 to 60 cm deeper to a 
weathered greywacke horizon. There is a gradient of alluvial sediment transport 
across this series; northern areas show evidence of sediment removal, while 
southern areas show sediment accumulation. 
Of special note is the mottled BC horizon in pit 5, with concentrations and 
reductions of iron. Normally this would indicate a different soil series, one that 
experiences flooding throughout the year. The chemical and physical implications 
for soil management would be very different were this the case. However, this pit 
was located immediately adjacent to a large pipe fitting supplying irrigation water 
to the local block of vines. Therefore, it was concluded that this condition was the 
result of a leaking fitting, and very limited in extent.  
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Pit 5 
TAXONOMIC CLASS: Fine, smectitic, thermic Typic Haploxeralfs 
Slope: 11% 
Surface Hydraulic Conductivity: Moderate 
Limiting Hydraulic Conductivity: Moderate 
Drainage Class: Somewhat Poorly Drained 
Runoff Class: High 
Available Water Holding Capacity: Moderate (15 cm) 
Effective Depth: Greater than 100 cm 
Ap – 0 to 10 cm; light olive brown (10YR 5/4) sandy clay loam, olive brown (2.5Y 
4/4) moist; strong coarse subangular blocky structure; extremely hard, very friable, 
slightly sticky and very plastic; many very fine roots; neutral (pH 6.86); clear 
smooth boundary. 
Bt – 10 to 60 cm; light yellowish brown (2.5Y 6/4) clay, olive brown (2.5Y 4/4) 
moist; strong very coarse prismatic structure; extremely hard, very firm, moderately 
sticky and very plastic; common very fine roots; few faint clay films on ped faces; 
neutral (pH 6.88); abrupt wavy boundary. 
BC – 60 to 100 cm; mottled light gray (10YR 7/1) and yellow (10YR 7/8) sandy clay 
loam, yellowish brown (10YR 5/4) moist; strong coarse subangular blocky 
structure; moderately sticky and very plastic; few fine roots; common medium 
yellow (10YR 7/8) iron concentrations and common medium light grey (10YR 7/1) 
iron depletions; mildly alkaline (pH 7.71); clear smooth boundary. 
 Cr – 100 to 120 cm; light yellowish brown (2.5Y 6/4) greywacke
(2.5Y 5/4) moist (not sampled for analysis).
 
Photo 4. Rincon taxadjunct, pit 5 soil profile, taken Oct. 23, 
 
, light olive brown 
 
2011.
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Pit 6 
TAXONOMIC CLASS: Fine, smectitic, thermic Typic Haploxeralfs 
Slope: 7% 
Surface Hydraulic Conductivity: High 
Limiting Hydraulic Conductivity: Moderate 
Drainage Class: Well Drained 
Runoff Class: Very Low 
Available Water Holding Capacity: Moderate (18 cm) 
Effective Depth: Greater than 120 cm 
Ap – 0 to 15 cm; olive brown (2.5Y 4/4) sandy loam, very dark grayish brown (10YR 
3/2) moist; strong medium granular structure; very hard, friable, moderately sticky 
and moderately plastic; many very fine roots; slightly acid (pH 6.42); clear smooth 
boundary. 
Bw – 15 to 47 cm; light olive brown (2.5Y 5/4) sandy loam, very dark grayish brown 
(10YR 3/2) moist; medium very coarse prismatic structure; very hard, very firm, 
moderately sticky and moderately plastic; common very fine, common fine, and few 
medium roots; slightly acid (pH 6.51); abrupt smooth boundary. 
2Bt – 47 to 120 cm; light yellowish brown (2.5Y 6/3) clay, olive brown (2.5Y 4/4) 
moist; strong coarse prismatic structure; very hard, extremely firm, moderately 
sticky and very plastic; few medium roots; many distinct clay films on ped faces; 
neutral (pH 7.07. 
 
 Photo 5. Ricon taxadjunct, pit 6 soil profile, taken Oct. 23, 2011.
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Estrin clay – 9 to 15% slopes – 1.22 acres, Pit 4 
 This soil is located at the northern edge of the vineyard. It is formed from 
metasandstone residuum at the backslope position. This soil is not an official soil 
series established and described by the USDA-NRCS. It has a combination of parent 
material, depth, texture, and organic matter content not described in any 
established series, and was named the Estrin clay in this report for ease of 
discussion. It is distinguished from the surrounding Azule and Los Osos taxadjuncts 
by its parent material and fine reddish Bt horizon. This horizon is notably absent 
from shallow inclusions of the Azule taxadjunct, indicating differentiation due to 
different parent material. 
Pit 4  
TAXONOMIC CLASS: Clayey, smectitic, thermic Typic Haploxeralf 
Slope: 9% 
Surface Hydraulic Conductivity: High 
Limiting Hydraulic Conductivity: Low 
Drainage Class: Well Drained 
Runoff Class: Very Low 
Available Water Holding Capacity: Low (5.1 cm) 
Effective Depth: Shallow (34 cm) 
Ap – 0 to 11 cm; yellowish brown (10YR 5/4) sandy loam, brown (10YR 4/3) moist; 
strong coarse granular structure; hard, very friable, very sticky and very plastic; 
many very fine and common fine roots; slightly acid (pH 6.21); clear smooth 
boundary. 
 56
Bt – 11 to 34 cm; reddish brown (2.5YR 4/3) sandy clay, brown (7.5YR 4/4) moist; 
strong very coarse prismatic structure; extremely hard, very friable, moderately 
sticky and very plastic; few coarse roots; many faint clay films on ped faces; 
moderately acid (pH 5.99); abrupt irregular boundary. 
Cr – 34 – 120 cm; brownish yellow (10YR 6/6) weathered metasandstone, yellowish 
brown (10YR 5/4) moist; slightly acid (pH 6.45). 
 
 Photo 6. Estrin clay, pit 4 soil profile, taken Oct. 23, 2011. 
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Auger Holes 
 Soil characteristics were noted, to the extent that they could be 
distinguished, at each auger hole. These revealed variations in soil depth and parent 
materials between pits. Small inclusions of different rock types were inferred from 
these holes, including serpentinite and metasandstone in the northeast corner of the 
vineyard. Another interesting feature of the soils in this area were shallow soils with 
iron reductions, indicating anoxic conditions due to prolonged flooding. Several 
depth anomalies were noted, including an area of deep, dark soils formed in mixed 
rock colluvium at the toeslope position, and shallow soils formed from greywacke 
colluvium at the southeastern edge of the vineyard, near soil pit 6. 
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Table 7. Auger Hole Depths and Characteristics. 
Number 
Depth to Cr 
(cm) Parent Material Notable Characteristics 
1 100 Greywacke Colluvium Dense Subsurface 
2 90 Greywacke Colluvium Dense Subsurface 
3 75 Greywacke Colluvium N/A 
4 95 Mixed Colluvium Dark Colors 
5 120 Mixed Colluvium Dark Colors 
6 40 Greywacke Colluvium N/A 
7 40 Greywacke Colluvium N/A 
8 45 Greywacke Colluvium N/A 
9 100 Greywacke Colluvium Similar to Pit 5 
10 70 Greywacke Colluvium N/A 
11 70 Greywacke Residuum Similar to Pit 4 
12 95 Mixed Colluvium Dark Colors 
13 60 Greywacke Residuum Similar to Pit 4 
14 90 Mixed Colluvium Dark Colors 
15 40 Metasandstone Residuum Iron Depletions over Hard Sandstone 
16 70 Metasandstone Residuum Iron Depletions over Hard Sandstone 
17 70 Serpentinite Residuum Serpentinite Rock Fragments 
18 60 Greywacke Residuum N/A 
19 100 Greywacke Colluvium Similar to Pit 5 
20 100 Greywacke Colluvium Similar to Pit 5 
21 90 Greywacke Colluvium Similar to Pit 6 
22 50 Greywacke Colluvium N/A 
23 120 Greywacke Colluvium Similar to Pit 6 
24 110 Greywacke Colluvium Similar to Pit 6 
25 80 Greywacke Colluvium Similar to Pit 3 
26 60 Greywacke Colluvium N/A 
27 >60 Mixed Colluvium Dark Colors 
28 80 Greywacke Colluvium N/A 
29 70 Greywacke Colluvium N/A 
30 50 Greywacke Colluvium N/A 
 
  
 Soil pH ranged from 5.88 in the Ap
of pit 3 (Figure 6). The pH generally increased from the Ap horizon down to the Cr 
horizon. The pH values in all horizons above the Cr horizon were generally between 
6 and 7, while Cr values were generally above 
 
Figure 6. Soil pH by soil pit and horizon.
 
 The electrical conductivity (EC) of the soils ranged from 0.18 dS/m in the Bw 
horizon of pit 3 to 0.72 dS/m in the Bt horizon of pit 6 (Figure 7). All values were 
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 below 1 dS/m. EC was generally higher in both the A and Cr horizons than in Bt 
horizons.  
 
Figure 7. Soil EC by soil pit and horizon.
 
 Percent C ranged from 0.07% in the Cr horizon of pit 3 to 2.11% in the Ap 
horizon of pit 2 (Figure 8). Percent
horizon in all soils. Total C generally decreased abruptly in successively deeper 
horizons. The exceptions to this were pit 1 and pit 6. In pit 6, total C levels were very 
similar in the Ap and Bw horizons. 
 Percent N followed similar trends as C (Figure 8). Percent N ranged from 
0.005 in the Cr horizon of pit 3 to 0.199 in the Ap horizon of pit 2. All trends of % C 
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 were likewise seen in % N, and they can be discussed identically in terms of relative 
values.  
Figure 8. Percent carbon and nitrogen by soil pit and horizon. Error bars show 
average standard error. 
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 Extracted nitrate ranged from <4.7
all soils, to 129 ppm in the Ap horizon of pit 6
down the profile for every soil. Nitrate dropped very abruptly from the Ap horizon 
to the Bt horizon in most soils. Pit 6 was the ex
only 129 to 95 ppm NO3-.  
 
Figure 9. Nitrate by soil pit and horizon. Error bars show average standard error.
 
Phosphate 
 Phosphate content ranged from values below the detection limit in all Cr 
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 the profile for every soil. There was a sharp decrease in 
successive horizon. The only exception to this was in pit 6. 
too low to be detected below the Ap horizons of pits 3, 4, and 5, and below the Bt 
horizons of pits 1, 2, and 6. In pit 5, it was hardly present at all, with only 0.74 ppm 
in the Ap horizon. 
Figure 10. Phosphate by soil pit and horizon. Error bars show average standard 
error. 
 
Sulfate 
 Sulfate levels ranged from 21 ppm in the Bw horizon of pit 1 to 111 ppm in
the Ap horizon of pit 6 (Figure 11). There did not seem to be any overall pattern to 
the distribution of sulfate within a soil profile. Pit 6 had uniformly higher sulfate 
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 contents than any of the other pits, though there were no other apparent differences
between the pits. 
Figure 11. Sulfate by soil pit and horizon. Error bars show average standard error.
 
Sodium 
 Sodium content in the soil ranged from 26 ppm in the Bw horizon of pit 6 to 
510 ppm in the Cr horizon of pit 5 (Figure 12).  Na 
Ap horizon and increased down the soil profile. The exception to this is pit 1, in 
which Na level at the surface is higher than the B or Cr horizons. Pits 3 and 5 have 
notably more Na in the subsoils than any other. Pit 5
with more than twice as much Na in the Cr horizon than the next greatest, the Cr 
horizon of pit 3. 
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Figure 12. Sodium by soil pit and horizon. Error bars show average standard error.
 
Potassium 
 
 Potassium levels ranged fro
Ap horizon of pit 2 (Figure 13). In pits 1
horizon and declined down the soil profile. In pits 4 and 6, K levels in the Bw 
horizons were slightly higher than those in 
Bw was much lower than either the Ap or Cr horizons, which were approximately 
equal. The Ap horizon of pit 2 had much higher K than any other horizon.
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 Figure 13. Potassium by soil pit and horizon.
error. 
 
Magnesium 
 
 Magnesium levels ranged from 461 ppm in the Ap horizon of pit 6 to 1785 in 
the Cr horizon of pit 5 (Figure 14). Magnesium levels were generally similar in the 
Ap and Bw horizons, and higher in the Cr ho
3 and 4, where the Bt horizons had higher concentrations of Mg than the Cr 
horizons, and pit 5, where the Bt and Cr horizons had similar Mg concentrations.
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 Figure 14. Magnesium by soil pit and horizon. Error bars
error. 
 
Calcium 
 Calcium levels ranged from 1224 ppm in the Bw horizon of pit 3 to 3358 ppm 
in the Bt horizon of pit 4 (Figure 15). Like Mg, Ca levels were generally similar in the 
Ap and Bw horizons, with the exception of pit 3, which had a lower Ca concentration 
in the Bw horizon, and pit 4, which had a higher concentration in the Bt horizon. The 
Ca concentration was highest in the Cr horizon in all soils except pit 4, in which the 
Bt horizon had the highest Ca of any horizon in the study.
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 Figure 15. Calcium by soil and horizon. Error bars show average standard error.
 
 
 Calcium to magnesium ratios ranged from 1.26 in the Bt and Cr horizons of 
pit 5 to 3.63 in the Ap horizon 
decrease in the Ca/Mg ratio down the profile, with pit 6 being the most dramatic 
example. Pit 4 is the only one that completely defied this trend, with a Ca/Mg ratio 
in the Cr similar to that in the Ap.
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 Figure 16. Ca/Mg ratios by soil pit and horizon.
 
 
 The cation exchange capacity (calculated in meq/kg) ranged from 11.8 
meq/kg in the Bw horizon of pit 3 to 31.1 meq/kg in the Bt horizon of pit 4 (Figure 
17). The CEC in the Ap and Bw horizons were generally similar, and the CEC in the 
third horizon was generally higher than any other. The exception to this was in pit 4, 
which had a much higher CEC in the Bt horizon, and similar CEC values in the Ap and 
Cr horizons.  The percentage of CEC occupied by each base cation is similar for most 
soils in all pits (Figure 18). The amount of sites occupied by H
for all soils. Mg and Ca ions occupied the majority of cation exchange sites. Both Na 
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Figure 17. Cation Exchange Capacity by soil pit and horizon.
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Manganese 
 Manganese concentrations ranged from 0.7 ppm in the Cr horizon of pit 5 to 
31.9 ppm in the Ap horizon of pit 2 (Figure 20). There was a general trend of 
decreasing Mn concentration down the soil profile. T
4, which had a higher Mn concentration in the Cr horizon than in the Bt horizon. 
There was a greater decrease in Mn from the first to second horizon in pits 2, 4, and 
5 than in pits 1, 3, and 6. 
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Iron 
 Iron concentrations ranged from 6.3 ppm in the Cr horizon of pit 3 to 137 
ppm in the Bw horizon of pit 6 (Figure 21). There was a general trend of decreasing 
Fe concentration down the soi
Fe concentrations in the Ap and Bw horizons were nearly equal, while in pit 6 the Fe 
concentration in the Bw horizon was much higher than either the Ap or Bt horizons. 
This horizon is notable for ha
three times the concentration of the next highest Bw horizon.
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Copper 
Copper concentrations ranged from below the detection limit in most Cr 
horizons to 4.32 ppm in the Ap horizon of pit 2 (Figure 22). Copper concentrations 
were highest in the Ap horizons and decreased dramatically down the soil profiles, 
with levels below detection in the Bw horizons of pits 4 and 5, and in the Cr horizons 
of pits 1, 2, and 3. Pit 6 was the only one with a higher copper concentration in the 
Bw horizon than in the Ap, and the only one with a detectable level of copper in the 
Cr horizon. 
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 Figure 21. Copper by soil pit and horizon. Error bars show average standard error.
 
 
Zinc 
Zinc concentrations ranged from 0.4 ppm in the Bt horizon of pit 3 to 8.9 
ppm in the Ap horizon of pit 2 (Figure 23). There was a dramatic trend of decreasing 
zinc concentration down the soil profile. The only exception to this trend was pit 6, 
which had similar concentrations of Zn in the Ap and Bt horizons. Apart from this 
soil, the Zn concentration at the surface was much greater than all underlying 
horizons in all pits. 
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Discussion 
Climate 
Temperature 
The temperatures at this site are sufficiently high for bud break and leaf 
growth year-round for most cultivars of Vinis verifiera (Jackson, 2008). Diurnal 
temperatures become high enough for flowering around April, and remain at almost 
ideal levels for grape maturation until harvest. However, there is a large 
temperature differential from day to night, and daily average temperatures only 
approach the ideal 20-25 °C in August and September. There is little risk of chilling 
damage to grapes during maturation, as average temperatures are above 10 °C for 
the entirety of the ripening season. Due to the naturally high temperatures 
throughout the year (Jackson, 2008).  
Precipitation 
 Patterns of rainfall on the site are generally good for vine growth and berry 
maturation. In most years, there is little to no rainfall from May to November, 
allowing for control of water availability from fruit set to veraison, and in the key 
months before harvest. However, in years with late rain, the finely textured soils 
may store adversely high amounts of water, especially on the southeast portion of 
the vineyard. Most precipitation falls in winter through early spring, allowing for 
ample soil moisture during leaf growth and for maintaining cover crops. Again, in 
years with late rainy seasons, there may be a higher than optimal amount of water 
stored in the soil during leaf and shoot growth. Additionally, the prolonged cool, wet 
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season can create the potential for harmful fungal growth and nematode activity 
(Jackson, 2008). 
Topography – Aspect, Slope, Erosion 
 Location on a convex hillslope causes a relatively even distribution of 
drainage across the site, and slopes of around 10% allow for relatively fast 
movement of water over and through soil profiles (Ritter et al., 2006). However, 
with the planting and tilling in rows parallel to the slope, preferential drainage areas 
have been created. This is especially seen in the two wide access roads cutting 
across the site. High slope, especially at the backslope and footslope positions of the 
hill, is one of many factors interacting on this site to cause erosion by overland 
movement of water and sediment. 
 Aspect at this site could potentially affect growth and development of vines 
and berries, though its effects are not seen to a significant degree in the soil. This 
site does not seem to have a high enough slope, elevation, or latitude to make aspect 
a major controlling factor in soil development.  
Physical Soil Characteristics 
Parent Materials 
Greywacke is a sedimentary rock formed by the lithification of sand grains in a clay 
matrix. It has widely variable physical and chemical properties, due to the 
variability in size, relative amounts, and mineralogy of the particles. On this site, 
soils derived from greywacke were relatively light colored and had fine textures 
with a large sand fraction. The greywacke Cr horizons on this site were weathered 
to different degrees, and although they were not closely scrutinized in the 
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morphologic descriptions, these distinctions can be seen somewhat in the photos of 
the pits. Cr horizons were more highly weathered in the toeslope soils than 
backslope soils, indicated by greater root penetration. In the Saurin taxadjunct, 
roots are prevalent throughout the Cr horizon at the toeslope position, whereas 
none are seen in the Saurin backslope or the Estrin clay. This variation may cause 
underestimation of water holding capacities and rooting depths in the toeslope 
soils. 
While not seen in any of the pits, inclusions of hard metasandstone created 
areas of shallower soils with greatly reduced drainage within the Rincon series, 
even on relatively high slopes. This was seen in a small area in the northeastern 
corner of the vineyard. These soils had reductions of iron at shallow depths, 
indicating prolonged periods of flooding and anoxic conditions. Given a heavy rain 
that occurred one week prior to augering, it is likely that these soils are only flooded 
during a portion of the rainy season, and that they become well drained during 
berry growth and maturation in summer. However, even in the short term, flooding 
of these already shallow soils may cause problems associated with “wet feet” and 
increase the chances of disease. 
The effects of other rocks and minerals in these soils are primarily chemical 
rather than physical, and are discussed alongside chemical factors. 
Depth 
 Differentiation of depth classes on this site is due primarily to topography. 
Backslope soils at this site are generally shallower than footslope soils, which are 
generally shallower than toeslope soils. Soil tends to move by gravity and alluvial 
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transport down the slope, resulting in shallow soils in areas of high slope, and 
deeper soils at the base of the hill. This explains patterns of soil depth well at both 
the eastern and western edges of the vineyard, but cannot explain the deep 
backslope or shallow toeslope inclusions that occur roughly in a center transect 
down the middle of the site. There are three possible explanations for these 
anomalies. 
The shallow toeslope soils could be explained by topography. The convex 
hillslope could have caused soil to be more thinly distributed and therefore 
shallower downslope, as the area over which it is transported is increased (Ritter et 
al., 2006). Another factor could be natural variation of the depth of the parent 
material in which the soil was formed. This seems less likely, as greywacke is 
weathered relatively rapidly, and most soils at the toeslope are formed from 
colluvium rather than residuum.  
Neither of these can explain the inclusion of deep soil formed in mixed 
colluvium adjacent to the Estrin clay. This inclusion was not described in any pit, 
and its characteristics beyond depth and color are entirely speculative. The depth of 
this soil is incongruous with its landscape position. As greywacke is predicted to 
weather faster than any other rock type noted at the site, an explanation based on 
differential weathering is unlikely. An alternative could be found in the historic 
ecosystem of the site. The areas of deep soil seem to be limited to two points, with a 
small fan of colluvial material immediately downslope. These two “pits” could have 
been formed by the roots of historic oak trees. While alive, the roots of the trees 
would have fragmented and excavated the shallow weathered rock. When they died 
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or were removed, they would have left large, deep holes, which were subsequently 
filled with colluvium. This could create a small, deep area of soil surrounded by 
shallow soils formed in residuum.  
Deeper soils may be more difficult to manage than shallower soils, especially 
given the fine textures found on the site. Availability of water and nutrients in these 
soils will be higher than those in shallower soils, and limiting vine vigor will be more 
difficult. As discussed above, a late rainy season may allow for high water storage 
during leaf development and bud break, which may tap the soil of an undesirable 
proportion of nutrients during berry development (Jackson, 2008).  
Texture 
 Textures at the site were generally excellent in Ap and Bw horizons, but finer 
than ideal at depth. At shallow depths, particularly in the Estrin clay, the high clay 
content in the Bt horizon allows for high nutrient availability balanced with low 
water holding capacity and good drainage, creating very good conditions for vines. 
In deeper soils at lower slopes, Bw horizons with sandy loam texture extending as 
far down as 47 cm might indicate ideal conditions for vine growth. However, as 
discussed shortly, the structure of these horizons is sub-optimal. Furthermore, the 
sandy clay and clay textural classes in the Bt horizons of these soils may make vigor 
harder to manage, and restrict the movement of water through the soil (Jackson, 
2008).  
Structure 
 Soil structure in the first 30 cm or so of the Azule, Rincon, and toeslope Los 
Osos taxadjuncts were weaker than they should be, likely due to soil management. 
 82
The Bw horizons of the Azule and Rincon soils are formed from alluvial sediment 
transported from further up the site. Due to the recent deposition of these horizons, 
and possibly due to frequent tilling causing loss of SOM, structures here are poorer 
than ideal. This was particularly extreme in the toeslope Saurin taxadjunct, which 
had a poorly structured Bw horizon that was nearly too hard to sample with a 
sharpshooter shovel. Horizons this dense are likely to limit the growth of roots and 
mycorrhizal hyphae, as well as infiltration and hydraulic conductivity. This in turn 
may increase erosion by overland movement of water. 
Chemical Soil Characteristics 
pH 
There were no significant problems with pH at any part of the site. While 
there might be a very slight pH-induced lack of base cation availability in surface 
horizons of the Estrin clay, or slightly limited availability of metal micronutrients in 
Cr horizon of the Azule taxadjunct, these are negligible given the variation of pH 
across the entire soil profile. Almost all Bw and Bt horizons had pH close to 6.5, ideal 
for maximum availability of base cations, metal micronutrients, and phosphate. 
The slightly alkaline pH in the subsurface horizons of the Azule and Rincon 
taxadjuncts indicates that the greywacke colluvium from which most soils were 
derived is weakly calcareous. This creates the possibility for inorganic carbon to be 
present in the total carbon measurement in subsurface soils, but is unlikely 
significant. This is further discussed in the measurement of total carbon and 
nitrogen. 
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EC 
 The low EC measurements at this site indicate that there has not been any 
significant salt buildup due to insufficient leaching or overzealous fertigation. Values 
were all below 1 dS/m, with some as low as 0.3 dS/m, well below salt 
concentrations that would harm grapevines (Jackson, 2008). The EC measured in 
the BC horizon of pit 5 is particularly good, in light of the relatively large sodium 
content of this horizon. The low EC in this horizon indicates that despite 
concentration of ions in areas surrounding irrigation pumps, these ions have not 
accumulated enough to become an issue. This likely holds true for those ions not 
investigated in this study, such as chloride.  
 Another inference that can be made from these EC values is that there are 
likely few additional ions beside Na, K, Mg, and Ca attached to cation exchange sites. 
This makes the estimation of CEC from base cations more reliable. 
Organic Carbon 
 Soils at the vineyard almost universally displayed an unfavorably low 
amount of organic carbon.  These values are especially surprising given that these 
soils were until recently pasture. Values as low as 0.8% in an Ap horizon, as seen in 
pit 5, are jarring in that the soil was grassland only 5 years ago. This may indicate 
excessive tilling which led to high amounts of mineralization and volatilization, or 
erosion of the SOM-rich topsoil.  
The largest contribution to organic carbon at the soil surface is made by 
grass roots (Coleman et al., 2004).  These support large populations of mycorrhizal 
fungi, microorganisms, and larger soil fauna such as ants and earthworms. While 
 84
planting of cover crops, especially N-fixers, does add carbon to the soil, the majority 
of this is due to root exudates and fungal populations. If these are continually tilled 
into the soil, the secondary populations are lost, and carbon is mineralized quickly, 
leaving little in the reticent form of humus. 
The SOM content above 2% seen in the Ap horizon of the Saurin taxadjunct is 
more appropriate for good soil quality, though due to the toeslope position of this 
soil, the high carbon content at the surface could be due to accumulation from 
erosion rather than in situ formation. As seen in many other physical and chemical 
factors of this site, erosion is a major issue, as is compaction, poor structure, and low 
hydraulic conductivity. Greater soil organic matter would likely improve all these 
factors, due to its role in encouraging aggregate formation and increasing aggregate 
strength. 
 Having said this, it is possible that the handling, or rather mishandling of the 
samples had a significant effect on the low carbon values measured in these soils. As 
mentioned above, samples were left in sealed containers for three weeks prior to 
measurement. In that time, there could have been significant microorganism 
growth. This would cause some organic matter to be lost through metabolism and 
respiration as CO2 (Coleman et al., 2004). The extent of this loss is unknown, and 
further testing is recommended to get a more accurate understanding of the carbon 
content of these soils. 
 As the Cr horizons of some of these soils are weakly calcareous, it is possible 
that there was a small inorganic contribution to total carbon in these subsurface 
horizons from calcium carbonate. However, the total carbon content in the Cr 
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horizon of the Estrin series, which is not calcareous, is higher than that of the Pit 3 of 
the Azule series, which is the most typical representation of the greywacke 
underlying the majority of the vineyard. Additionally, the carbon content of many of 
the Cr horizons with the highest pH had the lowest total carbon. Therefore, this 
contribution was deemed negligible, especially for the purpose of vineyard 
management. 
Oxyanions 
Nitrate 
Results of nitrate content of these soils should be regarded warily. It seems 
likely that there was significant mineralization of nitrate during the period when 
these soils were stored in sealed containers for three weeks (Coleman et al., 2004). 
These values seem very high, especially in the Ap horizons of the Saurin and Rincon 
taxadjuncts. While these exact values should not be trusted, the relative values are 
informative. There is much more nitrate in the surface soils in the western half of 
the vineyard, possibly indicating its longer period of vineyard management and 
amendment. There was a uniquely high nitrate content in the Bw horizon of the 
Rincon taxadjunct, which correlated with a similarly high percent organic carbon. 
This was different from the Bw horizon of the Azule taxadjunct, which is 
morphologically identical to this one, as well as the Bt horizon of Pit 5. This indicates 
a large amount of sediment buildup, a trend that is seen in many chemical qualities 
to follow. 
If accurate, these values show a possible overabundance of nitrate nitrogen, 
which can be quickly taken up and used by plants. This was especially egregious in 
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the Ap horizons of the Saurin and southern Rincon taxadjuncts. As in water, 
overabundance of nitrogen can cause too much vegetative growth early in the 
season, leading to later vine stress and deficiency in other nutrients such as 
potassium (Jackson, 2008). It is interesting that the level of nitrate drops off in the 
Cr horizons of all soils, and the Bt horizon of the Rincon taxadjunct. This indicates 
that there has been minimal leaching of nitrate at the site, and that the majority 
measured here is due to mineralization of organic matter. In fact, this provides 
evidence that the majority of this nitrate evolved from microbial action post 
sampling; if there were large amounts of nitrate, a highly mobile ion, in the soil, one 
would expect to see an excessive amount past rooting depth, a trend not seen here. 
Phosphate 
 Phosphate content generally followed expected trends and was correlated 
very well with organic carbon content. This makes sense, as the major source of 
phosphate in this soil is biologic, and movement of phosphate in the soil is virtually 
zero. Phosphate deficiency is rarely an issue in grapevines due to low plant 
requirement (Jackson, 2008). Having said this, the phosphate content in the Ap 
horizons of the Estrin clay and northern Rincon taxadjunct are quite low, with 
concentration in the latter lower than one part per million. Vines in this area should 
be measured for phosphate deficiency, and potentially corrected with fertilization if 
found lacking. This deficiency is likely due to removal of the surface horizon due to 
erosion. This soil is notable in having a generally low nutrient content, most likely 
due to erosion. Once again, there is a notably high level of phosphate in the Bw 
horizon of pit 6, indicating sediment deposition. It may be that phosphate attached 
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to sediment particles was largely stripped from this upland soil, and now resides in 
the southern extent of the Rincon series, or offsite.  
Sulfate 
 The levels of sulfate in these soils were inordinately high across the entire 
site. There are several possible reasons for this. The first and most notable is that 
due to a method error, the method blank for this extraction contained 40 ppm 
sulfate. This was likely due to contamination of glassware or filters used during 
extraction. Due to an issue with flocculation, the extracted solution had to be filtered 
twice, doubling the risk of contamination. Another explanation could be the annual 
application of sulfur-based fungicides, or the historic application of gypsum to 
provide calcium. 
 The high detection limit means that values close to 40 ppm, seen in nearly all 
except the Ap horizons of the Los Osos and Rincon taxadjuncts, cannot be 
determined, as the true value of these could be anywhere from 0 to 40 ppm sulfate. 
Likewise, all other values cannot be accepted as credible, as a concentration of 
between 0 and 40 ppm sulfate could have been added to each one. The relative 
values may be useful, even if the absolute measured values are questionable. The 
sulfate levels in all horizons of the southeast Rincon taxadjunct are much higher 
than any other, including those at similar toeslope positions. This provides further 
evidence for the collection of soil and nutrients at this site, likely due to erosion. 
 Even if these high measurements were entirely accurate, there is little risk of 
vineyard management problems due to a large amount of sulfate ions (Jackson, 
2008). Direct adverse effects of high sulfur on grapevines are practically unheard of 
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(Grant, 2002; Jackson, 2008). Sulfate may be a significant contributor to EC, though 
as seen above, this is not an issue at this site. 
Borate 
 Borate was not directly measured in this soil, as there is no conceivable 
mineral source of boron in these soils, and there is no known record of boron 
amendment. The most plausible source of boron is in the irrigation water, which has 
a boron concentration of about 0.1 ppm. A plant tissue survey should be completed 
to assess the possibility of boron deficiency, especially in the new Pinot Noir vines. 
Base Cations 
Sodium 
 Sodium was generally far below levels of concern in these soils. Levels in the 
Azule taxadjunct were slightly higher than those in other soils, for unclear reasons. 
Sodium levels were extremely high in the northeast corner of the Rincon taxadjunct, 
though that has a ready explanation. As discussed in the series description, the pit 
sampled was located immediately next to a pipe that supplies a large block of vines 
with irrigation water. This is almost certainly the cause of the buildup of sodium in 
the subsoil in this pit.  
Sodium contents in these soils are too low to cause notable issues with soil 
structure or aggregation. Even at the relatively high level of sodium in the BC 
horizon of pit 5, there are no predicted ill effects to the vines, as content of other 
cations are high enough to negate its effects (Sparks, 2003; Havlin et al., 2005).  
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Potassium 
 Potassium values varied greatly throughout the site. They were uniformly 
much more prevalent in the surface soils than the subsurface, as potassium ions do 
not move quickly in the soil profile, and are supplied in this soil primarily by organic 
matter. This can be seen in the high content of potassium in the Ap horizon of the 
toeslope Saurin taxadjunct, which also had the highest organic carbon content.  
 Soils at the backslope and toeslope positions may be limited in potassium. 
While potassium levels in these soils are not deficient, uptake of potassium is 
reduced by the presence of high magnesium and calcium, seen in most soils on the 
site (Havlin et al., 2005). This deficiency may be compounded by loss of topsoil due 
to erosion. The Azule and upper Rincon soils may therefore be particularly limited 
in potassium availability, and amendment may be necessary in these areas. 
Magnesium 
 Notably, Mg content in the soils follows the opposite trend as seen in many 
other nutrients, with the only comparable pattern found in calcium concentrations. 
Values are generally lower at the surface and increase with depth, with the highest 
in the Cr horizons. This indicates that weathered greywacke colluvium is the 
primary source of Mg in these soils. Notably, magnesium contents in the Ap and Bw 
horizons of the southeast Rincon taxadjunct are the lowest of all soils, likely 
showing the effect of low-Mg sediment deposition. 
 While there are no predicted direct adverse effects from overabundance of 
magnesium, levels as high as these may create significant problems in nutrient 
balance. High magnesium inhibits the uptake of potassium, calcium, and phosphate 
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(Havlin et al., 2005) The imbalance with calcium is particularly notable on these 
soils, as discussed below. 
Calcium 
 Ca contents in these soils were less variable across the site and down soil 
profiles than many other nutrients. This is likely due to a combination of ample 
supply from the greywacke parent material and addition from gypsum, lime sulfate, 
and calcium-containing fertilizers such as CAN-17. Calcium contents in these soils 
were generally very good, but there may still be issues with calcium supply due to 
competition for uptake with magnesium (Havlin et al., 2005). 
Ca/Mg Ratio 
 Ca/Mg ratios were lower than the ideal of 5:1 for vineyards. The ratios in 
weathered greywacke horizons are between 2 and 3, and the ratio does not increase 
greatly in surface horizons. This issue is compounded by the presence of 
serpentinite colluvium, the effects of which are seen most prominently in the 
northern Rincon soils. These are located in close proximity to a small serpentinite 
inclusion, and have the lowest Ca/Mg ratios of any soil described, with subsoil 
values approaching 1:1. This may cause an extreme imbalance in grapevines, and 
vines in this area are predicted to suffer not only calcium deficiencies, but probably 
potassium deficiencies as well (Havlin et al., 2005). In southern soils, including the 
Saurin taxadjunct and the Rincon taxadjunct, the highest Ca/Mg ratios are seen. 
Again, this could be a result of calcium-rich surface soil that has accumulated there 
following erosion. 
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Cation Exchange Capacity 
 CECs were highest in areas of illuvial accumulation of clay and in Cr horizons. 
There are several explanations for the high CEC of the weathered greywacke parent 
material. As discussed above, greywacke is comprised predominately of lithified 
clay and sand. As a result, sufficiently weathered greywacke colluvium may have a 
clay fraction comparable to a Bt horizon. Additionally, base cations may be more 
chemically available in the Cr horizons than surface horizons due to the higher pH 
values of the weathered greywacke.  
 CECs were generally high, except in Bw horizons, which had roughly half the 
clay content of underlying Bt horizons. In some crops, these mid-range values of CEC 
as deep as 47 cm might be a concern, but deeply rooting, perennial grapevines are 
unlikely to be hindered. In spite of the poor texture, these horizons with less 
nutrient availability would likely produce comparable or better-quality wines than 
those with very high fertility (Jackson, 2008). 
Metal Micronutrients 
Manganese 
 Mn contents in the subsurface horizons of soils on the western half of the 
vineyard were slightly greater than those in the eastern half, most likely due to a 
difference in colluvium geology. Values in the surface horizons were comparable 
across the vineyard, and content throughout the profiles were generally sufficient 
for grapevine growth. The one potential exception was the northern area of the 
Rincon taxadjunct, though a deficiency or imbalance is not predicted. While Mn 
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toxicity can be a concern in soils weathered from serpentinite, particularly in wet 
climates with acid soils, there seem to be no issues with it in this site.  
Iron 
 Fe content in the soil showed similar patterns to potassium, in that it had 
high concentration in the surface horizons of the Saurin taxadjunct and the Rincon 
taxadjunct. However, the iron content in the Bw horizon of the southern Rincon 
taxadjunct was far higher than in any other in the site, a trend it shared with copper. 
It is possible that this is due to an accumulation of sediment, but in that case one 
would expect to see a similar level in the Ap horizon. A possible source for this 
abnormally high value could be a buried piece of iron or steel nearby or immediately 
upslope. 
 Iron levels across the site were very high. While there are no predicted issues 
due to direct toxicity to roots, these high Fe concentrations could cause nutrient 
imbalances. Very high concentrations of iron are known to decrease yield in 
grapevines, though this is uncommon in California soils (Grant, 2002). Iron is known 
to form complexes with phosphorus, and competes for uptake with the other metal 
micronutrients (Havlin et al., 2005). These high iron levels could create deficiencies 
of copper and zinc particularly, due to the low contents of these two ions in the soil 
(Havlin et al., 2005). Plant tissue testing should be undertaken to see if either of 
these ions are deficient in the southeast Rincon taxadjunct, where the concentration 
of iron in the subsoil is highest. 
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Copper 
 Concentrations of copper fell within the expected range for a site with no 
anthropogenic additions from copper sulfate fungicide (Fernández-Calviño et al., 
2008). There are no predicted environmental or human health issues with excess of 
copper in the soil (USEPA, 2012). Levels of copper generally followed the pattern of 
soil iron concentrations, with high values measured in the Ap horizon of the Saurin 
taxadjunct and the Bw horizon of the southern Rincon taxadjunct. This provides is 
further evidence for erosion and sediment transport to the base of the hillslope. 
 Copper levels are sufficient or slightly abundant for grapevine growth. The 
only potential source of deficiency could be an imbalance with iron, as discussed 
above (Havlin et al., 2005). 
Zinc 
 The only significant source of zinc in these soils was organic matter. As a 
result, Zn content was closely correlated with organic carbon content. Zinc, like 
other metal micronutrients, is relatively immobile in soils. Therefore, the similar Zn 
contents in the Ap and Bw horizons of the southern Rincon taxadjunct provide yet 
more evidence for sediment accumulation at the base of the hillslope.  
 Zinc, like copper, was present in sufficient amounts for healthy grapevine 
growth and development. However, the high concentration of available iron in these 
soils could create zinc deficiencies (Havlin et al., 2005). Plant tissue testing should 
be conducted for both these micronutrients to determine if the high concentration 
of plant-available iron in these soils is creating an imbalance in the vines. 
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Vineyard Management 
Rootstocks 
 Rootstocks were originally implemented to eliminate the susceptibility of 
grapevines to the predation of Daktulosphaira vitifoliae, commonly known as 
phylloxera (Jackson, 2008). However, a large variety of rootstocks have now been 
bred, with differing adaptations to different environmental conditions. Rootstock 
characteristics can vary significantly depending on the scion grafted onto it and the 
environmental conditions in which the grafted vine is grown. Properties described 
here are based on French vines, and may differ in the San Luis Obispo climate 
(Jackson, 2008).  
110-R 
 All Tempranillo vines and some of the Pinot Noir vines are planted on 110 
Richter rootstock. This rootstock grows in the Saurin and Azule taxadjuncts, and 
may grow in the Estrin clay and Rincon taxadjunct as well. This rootstock has good 
vigor and a very long vegetative cycle. It is well adapted to high soil moisture and 
very well adapted to drought and dry, shallow clay soils. However, it has only 
moderate nematode resistance (Jackson, 2008).  
These qualities make it very well suited for almost any portion of the 
vineyard. It is particularly well adapted to backslope soils, including the Estrin clay 
and Saurin taxadjunct. Its adaptation to both high soil moisture and drought make it 
perfect for finely textured soils in the San Luis Obispo climate, in which soil 
moisture can be very high from winter to early spring, and low to nonexistent from 
summer to fall. The one issue with vines planted on this rootstock may lie in 
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controlling vegetative vigor early in the season. In a particularly deep, high-nutrient 
soil, it may be difficult to limit growth, especially in a year with a wet spring. 
Schwartzmann 
A portion of the Syrah vines is planted on Schwartzmann rootstock. This 
rootstock may grow in the Estrin series, Azule taxadjunct, or Los Osos taxadjunct. 
While little information exists regarding its qualities in Californian climates, it 
generally resembles 101-14 Mgt.  It has moderate vigor, good resistance to 
nematodes, and poor adaptation to drought (Christensen, 2003). It likely has a short 
vegetative cycle and good resistance to high soil moisture (Jackson, 2008). 
Vines planted on Schwartzmann rootstock are likely to do well on the deep 
inclusion noted at the backslope position at the northern edge of Syrah vines, and to 
a lesser extent the lighter colored Azule taxadjunct mapped under the majority of 
these vines. The limited vigor and poor adaptation to drought make this rootstock 
more suitable to the deeper soils further up the slope within the extent of the Syrah 
vines. 
420 A Mgt 
Another portion of Syrah is planted on 420 A Mgt rootstock. This rootstock 
may likewise grow in the Estrin clay, Azule taxadjunct, or Saurin taxadjunct. It has 
moderate vigor, a long vegetative cycle, and good adaptation to dry, shallow clay 
soils. It is only moderately tolerant of high soil moisture, drought, and nematodes 
(Jackson, 2008). 
These qualities make this soil best adapted to Azule taxadjunct soils within 
the extent of the Syrah vines. The good adaptation to wet feet, with moderate vigor 
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and drought tolerance allow for vines planted on this rootstock to grow well on 
moderately deep or deep soils, as can be found in the Azule taxadjunct. This 
rootstock is predicted to fare less well on the Estrin or Saurin soils, due to their 
shallow depths. 
101 – 14 Mgt 
Yet more Syrah is planted on 101 – 14 Mgt rootstock. This rootstock may 
grow in any of the soils under Syrah vines, as noted in the previous two rootstock 
descriptions. This rootstock has very similar properties as the Schwartzmann 
rootstock, and the assessment of soil suitability is identical. 
5 BB 
The remainder of the Syrah is planted on 5 BB rootstock. The rootstock may 
grow in any of the three soils mentioned in the three previous rootstock 
descriptions. It has a medium vegetative cycle, moderate drought tolerance, and 
good nematode resistance. In all other ways, it is very similar to the 101 – 14 Mgt 
rootstock (Jackson, 2008).  
The assessment of suitability to soil series is similar to that of the 101 – 14 
Mgt rootstock, but the 5 BB rootstock is adapted slightly better to shallower soils. As 
a result, it can likely grow well on the southern Saurin taxadjunct, though the Estrin 
clay may be too shallow for optimal growth. 
SO 4 
All Pinot Noir vines not planted on 110-R are planted on SO 4 rootstock. This 
rootstock may grow in the Estrin clay, eastern Azule taxadjunct, or Rincon 
taxadjunct. It has moderate vigor and a moderate vegetative cycle. It is well adapted 
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to high soil moisture and very resistant to nematodes, but poorly adapted to both 
drought and shallow, dry clay soils (Jackson, 2008). 
These characteristics make this rootstock well adapted to the deeper Rincon 
taxadjunct, particularly at the toeslope position. The low tolerance of dry, shallow 
soils make it poorly adapted to the Estrin clay, which boasts some of the shallowest 
soils of the entire vineyard. The moderate vigor and high nematode resistant make 
it suitable for deep, finely textured soils receiving high runoff, such as those at the 
southeastern extent of the Pinot Noir. 
Cover Cropping and Tillage 
 As widely evidenced by a variety of physical and chemical soil features such 
as alluvial Bw horizons, poor subsurface soil structure, and irregular distribution 
patterns of many immobile cations, there is a persistent problem with erosion at 
this site. The issue seems particularly serious along the two wide roads bordering 
and bisecting the Pinot Noir vines. The toeslope Saurin taxadjunct appears 
compacted straight down to the Cr horizon, and there is evidence of a transported 
sediment layer 47 cm deep making up the Bw horizon of the toeslope Rincon 
taxadjunct. The planting of a cover crop last November has reduced the worst of the 
erosion this spring, but the soil structure and organic carbon contents of the soils 
are unlikely to improve quickly unless tilling is reduced (Vrsic et al., 2011). If cover 
crops are planted with the end goal of fastest possible nitrogen mineralization, 
annual planting of N-fixing cover crops in late autumn, followed by turning in at the 
end of the rainy season is ideal. However, if the goal is to build organic carbon and 
increase soil structure, a minimal till system is best (Vrsic et al., 2011).  
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There are three potential systems for controlling erosion at the vineyard, 
each with benefits and drawbacks. The first is the application and slight 
incorporation of mulch every year prior to the first rain of the wet season, with no 
cover crop. The primary goal of this application would be to prevent detachment of 
soil particles caused by raindrop impacts on the soil surface (White, 2009). This has 
the benefits of preventing sediment detachment and slowing sediment transport, 
discouraging weed growth, keeping the soil surface moist and increasing biotic 
activity at the soil surface, without drawing on supplies of water or nutrients usable 
by vines (White, 2009; Vrsic et al., 2011). The drawbacks are the purchase or 
procurement of suitable mulch every year, the mechanical and labor costs of 
applying it, and the slower development of SOM and structure compared to cover 
cropping. This system would prevent much of the erosion seen at the site in past 
years, though there is the potential for failure if the mulch layer is disturbed or 
washed away during a storm event.  
Another option is a partial soil tillage model, much like the one practiced at 
the vineyard this past season (Vrsic, 2011). In this system, a cover crop is grown at 
the beginning of the wet season to take advantage of the abundant water, before 
being incorporated into the soil for mineralization. This system has shown a great 
degree of success in managing vineyard erosion, and is particularly useful on 
vineyards that have a limited supply of water during summer (White, 2009; Vrsic, 
2011). It has all the benefits of mulch treatment, and lacks the requirement of 
purchase and/or transport of mulch to the vineyard (White, 2009). However, as 
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tillage still occurs, it may not lead to great improvement of structure or recalcitrant 
organic carbon content in a timely manner (Vrsic et al., 2011).  
The third is a permanent green cover treatment, in which a perennial cover 
crop is maintained in the interrow spaces of the vineyard (Vrsic et al., 2011). This is 
a costly plan in our climate, but can have very good results. It encourages the fastest 
improvement of soil structure, which increases porosity, infiltration, hydraulic 
conductivity, and root exploration. Additionally, this system allows less 
transportation of sediment downslope and offsite, and a greater population of soil 
microorganisms, many beneficial to plant growth. A permanent cover crop can also 
prevent weed infestation, maintain habitat for biological control organisms of 
invertebrate pests, and provide an ongoing source of mulch from periodic mowing 
(Vrsic et al., 2011). Soil and nutrient losses from erosion under a permanent cover 
crop are minimal, approximately 95% less than those under even a partially tilled 
soil (Vrsic et al., 2011).  
Despite its benefits, a permanent cover crop has many costs. The most 
pressing is the use of water and nutrients by the cover crop, which is expensive at 
best, and may interfere with the health and quality of vines during the dry season 
(White, 2009; Vrsic et al., 2011). In addition to providing habitat for beneficial 
organisms, permanent green cover can host pest species, and no-till soils may have a 
greater population of harmful fungi and nematodes. When water and nitrogen are 
limited, permanent cover crops are generally not recommended due to the high cost 
and low yield of vines grown in this way (White, 2009).  
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There are several compromises between partial tillage and permanent cover 
crops that may combine the benefits of both while minimizing their weaknesses. 
The first is tilling in alternate rows each year, allowing each cover crop to grow two 
seasons before turning in (Vrsic et al., 2011). This would encourage greater 
formation of soil structure and organic carbon than annual tillage, while maintaining 
organic input for mineralization and incurring only half the cost. Another possibility 
is starting the annual crop before the beginning of the rainy season. Analysis of loss 
incurred in a partial tillage model showed that the majority occurs during the first 
few storm events of the rainy season, before the crop is well established (Vrsic et al., 
2011). If this loss were to be minimized, erosion under a partial till system could be 
comparable to that of a permanent cover crop, while avoiding most of the cost. 
If an annual cover crop is to be used, a vigorous, nitrogen-fixing annual plant 
such as Common Vetch (Vicia sativa) should be used to maximize nutrient return 
(McGourty, 2004). If a perennial cover crop is used, a native grass with a low water 
and nutrient requirement is ideal, as it will compete less with grapevines for 
resources. Species commonly used in Californian viticulture are Pine Bluegrass (Poa 
scabrella) and Molate Red Fescue (Festuca rubra). However, as these species are less 
competitive against grapevines, they are also less competitive against many others, 
and weed pressure may become an issue (McGourty, 2004). 
Irrigation 
 The current system of drip irrigation seems ideal for the site. Despite the 
high proportion of water lost to evaporation using drip irrigation, the use of any 
other method would likely increase erosion beyond a tolerable extent (White, 
 101
2009). Drip irrigation also allows for easy fertilization by fertigation, likely the most 
efficient method feasible on the site (Havlin et al., 2005). Overhead sprinklers are 
present at the vineyard site, and would be useful in irrigation to prevent frost 
damage. However, irrigation by overhead sprayers wets the soil well outside root 
zones, leading to inefficiency, and potentially to runoff and erosion (White, 2009).  
Fertilization 
 Plant testing near the pits described is necessary to say whether or not the 
vines suffer from any of the potential excesses or deficiencies indicated by soil 
testing. However, it seems overwhelmingly likely that the vines located in the 
eastern Azule and Rincon taxadjuncts could benefit from added phosphorus and 
potassium, and that all soils on the site would benefit from the addition of calcium. 
All three of these issues may be caused or exacerbated by the large magnesium 
content in these soils. Additionally, erosion may reduce the content of phosphorus 
and potassium in footslope soils, due to the fact that these nutrients are abundant in 
the surface and are relatively immobile, causing them to be carried with sediment 
during storm events. Finally, maintenance application of nitrogen is likely necessary 
to maintain sufficient growth, though it would benefit physical soil characteristics if 
this were from slow-release organic forms instead of those based on inorganic 
nitrate. Ammonia should be avoided as much as possible, to avoid acidification. 
Calcium 
 The soils on this site are almost universally perfect in pH range, and care 
should be taken to maintain them at these levels. An ideal source of calcium in these 
soils would be gypsum, due to its low cost and neutral pH (Havlin et al., 2005). This 
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would add sulfate to the soil, in addition to the already high levels measured. 
However, these high values do not seem to be causing a problem, as evidenced by 
the low EC values. Continued use of CAN-17 would be another good source of 
calcium, and can be applied by fertigation, increasing ease and efficiency of use 
(Havlin et al., 2005). However, this will acidify the soil over time, and will not 
contribute to the formation and maintenance of high SOM or good soil structure 
(Grant, 2002; White, 2009). Lime sulfur spraying to control mildew is another 
current source of calcium; though as this is a vine treatment, it is unclear to what 
degree it eventually becomes available in the soil.  
Potassium 
 Issues with potassium deficiency, if present, are due more to a magnesium-
induced lack of availability rather than a lack of potassium itself. Therefore, the most 
effective method of potassium fertilization for grapevines on these soils is a foliar 
spray, such as a potassium nitrate or potassium sulfate solution (Grant, 2002). 
Potassium chloride should be avoided, due to the harmful effects of excessive 
chloride ions. If potassium fertilizers are to be added to the soil, they should be 
incorporated into the root zone to facilitate plant access. Ideally, fertilizers should 
be in a slow-release organic form that will add carbon to the soil (White, 2009). 
However, organic sources of potassium are rarer and less concentrated than those 
of nitrogen or phosphate. Seaweed is among the more concentrated sources, with 
~1.2% K by mass (White, 2009). The logistics and expense of adding enough 
seaweed to overcome potassium deficiency in these soils is most likely prohibitive, 
if not impossible. 
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Phosphorus 
Phosphorus is lacking only in the eastern Rincon soils, and is best amended 
with a high-P organic source such as blood and bone meal if a minor correction is 
required over a period of years, or single or triple superphosphate if more 
immediate treatment is required (White, 2009). In both cases, the fertilizer should 
be incorporated into the soil for greater root access, as phosphate is immobile in 
soils (Havlin et al., 2005). Diammonium phosphate (DAP) should be avoided, as this 
will acidify the soil (White, 2009).  
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Conclusions 
 In order to provide a better understanding of the soils at the Cal Poly 
vineyard, a detailed soil morphologic survey and chemical analysis was conducted. 
Four map units were described at the vineyard site, one of which was a previously 
undescribed series with unique characteristics of depth, texture, and parent 
material. This was named the Estrin clay. The remaining three soils were 
taxadjuncts of the Saurin, Azule, and Rincon series, in order of increasing depth. 
These soils were formed predominately from weathered greywacke colluvium, or 
metasandstone residuum in the case of the Estrin clay, and had generally similar 
physical and chemical characteristics, with depth as the main delineating factor 
between them. 
 The major physical issues seen at the vineyard site were poor structure in 
Bw horizons of soils at the toeslope position of the hill, along with possible 
compaction. The root of these problems was high erosion caused by high slopes 
with insufficient cover to prevent particle detachment and overland transport. This 
was exacerbated by weak structures and poor aggregation on the footslope, forming 
a recursive erosive cycle for the past several years. The planting of a cover crop this 
past winter decreased erosion during the rainy season, but structure and reticent 
organic carbon content in the soil may not improve significantly unless it is left to 
grow, rather than plowed under at the beginning of summer. 
 Possible nutrient imbalances due to excess magnesium were noted, 
potentially causing potassium and calcium deficiencies in affected areas. 
Transportation of topsoil downslope by erosion may have also caused nutrient 
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deficiencies of relatively immobile ions such as phosphate and potassium in upland 
areas of the Azule and Rincon taxadjuncts. As these nutrients are not present in 
subsoils to a significant degree and are replenished slowly, these imbalances may 
require active remediation.  
 These issues may be addressed by slight alterations in vineyard 
management. The first and most important, to reduce erosion and encourage soil 
structural development and aggregation, is to adopt a low or no-till management 
system. Ideally, a perennial cover crop should be maintained, preferably of native 
grasses to conserve water and encourage the restoration of native ecosystems. To 
address potential nutrient imbalances in the vines due to magnesium 
overabundance, plant tissues should be tested for deficiencies in the above 
nutrients. If found, a fertilization plan for potassium, calcium, and phosphorus 
should be implemented, emphasizing rebuilding soil structure and raising soil 
organic carbon content. 
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Reading Original Data 
 During analysis, samples were labeled by Arabic numerals in place of full 
names. These numbers correspond to the following samples: 
Sample # Sample # 
1 Pit 1, Ap 11 Pit 4, Ap 
2 Pit 1, Bw 12 Pit 4, Bt 
3 Pit 1, Cr 13 Pit 4, Cr 
4 Pit 2, Ap 14 Pit 5, Ap 
5 Pit 2, Bw 15 Pit 5, Bt 
6 Pit 2, Cr 16 Pit 5, BC 
7 Pit 3, Ap 17 Pit 6, Ap 
8 Pit 3, Bw 18 Pit 6, Bw 
9 Pit 3, 2Bt 19 Pit 6, 2Bt 
10 Pit 3, 2Cr 
 
Prime (X’) samples indicated replicates, “a” and “b” (Xa, Xb) samples indicated 
duplicates. 
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